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Metal-oxygen batteries recently emerge as one of the most promising post-Li-ion energy 
storage technologies. The key feature of this technology lies in the conversion reactions of 
O2 at the cathode. Such a chemistry promises the highest theoretical energy densities due 
to the contribution from the cathode reactions. However, the conversion between various 
oxygen-based species suffer severe kinetic penalties, resulting in poor energy efficiencies 
and low rate capabilities. To promote these reactions, catalysts with desired functionality 
and stability are needed. On the other hand, the O2-based chemistry incurs severe parasitic 
chemical reactions against various cell components, including the anode, the cathode and 
the electrolyte. Consequently, the reported cyclabilities of metal-oxygen batteries remain 
much worse than required. While stable cathode and anode candidates have been developed, 
further advance of this technology still hinges on developing stable electrolyte and efficient 
catalyst to ensure prolonged and stable cell operations. 
In the first part of this thesis, two distinct strategies were exploited as proof-of-concept 
demonstrations on the catalyst design for metal-oxygen batteries. For one, using Li-O2 
batteries as a study platform, we show that the stability of catalyst can be heavily dependent 
on the synthesis history. A novel approach, namely carbothermal shock method, was found 
to enable superior chemical and structural stability of the catalyst compared to those of the 
catalyst prepared by conventional methods. For another, using Mg-O2 batteries as 
prototypical system, we demonstrate a strategy using two redox mediators that concertedly 
operate for discharge and recharge. As a result, a total overpotential reduction by ca. 600 
mV can be achieved through manipulating the charge transfer mechanism. 
To meet the need of a stable electrolyte for metal-oxygen batteries, in the second part 
of this thesis, we analyzed the decomposition pathways of the electrolyte in the presence 
of reactive oxygen species. Using Li-O2 battery as a model system, we address this issue 
by employing a water-in-salt (WiS) electrolyte that eliminates organic solvents all together. 
WiS was found stable under Li-O2 battery operation conditions. When carbon was used as 
a cathode, much longer cycling numbers (>70) can be achieved in WiS than in organic 
ones. When carbon was replaced with a carbon-free cathode (TiSi2 nanonets decorated with 
Ru catalyst), over 300 reversible cycles was measured. 
The unique feature of WiS also enables other opportunities beyond O2 chemistry in 
metal-oxygen batteries. Toward the end of this thesis, we employ WiS for electrochemical 
CO2 reduction reactions. By controlling the concentration of H2O in WiS, the rate 
determining step on Au catalyst was found to be the first electron transfer from the 
electrode to CO2. Moreover, the reduced H2O activity by WiS significantly suppressed 
hydrogen evolution reactions, through which high selectivity toward CO can be measured. 
Our study provides important knowledge base on the design of electrolyte for future 
optimizations.  
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Chapter 1 Introduction 
The latest development of energy storage technology is driven by the ever-increasing 
demand for a diverse range of applications. Although Li-ion batteries still power most 
portable electronic devices and electrical vehicles, new battery chemistries need to be 
developed to reach higher energy and power by breaking the thermodynamic and material 
limitations1-3. In pursuing better energy devices, upgrading the cell working mechanism is 
of critical importance. Changing from intercalation chemistry to conversion chemistry 
proves to be the most viable solution2,4. Employing other metal cations and their 
corresponding chemistries also shows good promise in advancing the energy storage 
field3,5-7. In essence, comparing with the intercalation mechanism for Li-ion batteries, 
conversion chemical reactions make it possible to rid the “dormant” atoms necessary for 
the stability of intercalation electrode materials. Consequently, much higher capacities are 
expected1,8. Among various post-Li-ion technologies, metal-oxygen batteries emerge as 
one of the most promising contenders. Indeed, by many estimates, metal-oxygen batteries 
may enable the highest theoretical energy densities for electrochemical energy storage 
applications. What underpins the development of metal-oxygen batteries, however, is the 
chemical reactions that involve oxygen (O2) and predominantly take place at the cathode9,10.  
This nature presents new opportunities and unique challenges. On one hand, this process 
necessitates desired catalysts in order to overcome the large kinetic barrier toward high 
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energy efficiency and rate capability5,11. On the other hand, the O2-based chemistry incurs 
severe parasitic chemical reactions against various cell components, including the anode, 
the cathode and the electrolyte12. As a matter of fact, the reported performance of metal-
oxygen batteries remains much worse than required. While stable cathode and anode 
candidates have been developed, further advance of this technology still hinges on the lack 
of a stable electrolyte and the lack of a desired catalyst to ensure long-term of efficient cell 
operations. 
1.1 Promises and working principals of metal-oxygen batteries 
The reversible conversion between oxygen and its reduced forms through 2-electron or 4-
electron processes in aprotic media are attractive chemistries to researchers10,13. As shown 
in Table 1-1, the alkaline-oxygen cells generally deliver large gravimetric energy densities, 
while the alkaline earth-oxygen cells offer advantageous volumetric energy densities as 
well, with both significantly higher than those of the state-of-art Li-ion batteries1. From a 
practical perspective, the alkaline earth-oxygen technologies are much less mature, as the 
strong cation-anion interaction between alkaline earth cations and oxygen always result in 
less rechargeable products. In fact, the sluggish kinetics of oxygen reduction reactions 
(ORR) and oxygen evolution reactions (OER) are common for all metal-oxygen batteries5. 
In the past decade or so, significant research efforts have been introduced and investigated 
in many systems including Li-O2, Na-O2, Mg-O2, etc., among which the non-aqueous Li-
O2 batteries and Mg-O2 batteries were most widely studied as chief representatives for each 
category, that is, systems based on monovalent and divalent cations11,14-18. These two 
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battery systems, despite many similarities, exhibit unique operation principals considering 
the mechanistic reaction routes during their discharge and the recharge processes. We 
therefore elect to use these two representative models to illustrate the key working principal 
of typical metal-oxygen batteries. 























3862 Li2O2 1168 2699 2.96 2655 3460 
3862 LiOH 2239 3381 3.32 4705 4252 
Na 1166 
Na2O2 687 1928 2.33 1008 1659 
NaO2 487 1072 2.27 780 1248 
K 686 KO2 377 807 2.48 603 846 
Mg 2205 
MgO 1330 4761 2.95 2448 6264 
MgO2 952 2856 2.91 1935 4762 
Ca 1337 CaO 956 3193 3.30 1839 4148 
 
The operation of aprotic Li-O2 battery involves two important half reactions on each 
electrode: the plating and tripping of Li on the anode, and the formation and decomposition 
of lithium peroxide (Li2O2) on the cathode (Table 1-2)19. The cathode half reaction of the 
Li-O2 battery is unique to this technology. The 2-electron reduction from molecular oxygen 
(O2) to peroxide (Li2O2) in aprotic electrolytes features better reversibility and 
rechargeability comparing with the 4-electron reduction from O2 to oxide (Li2O) or 
hydroxide (LiOH) in an aqueous electrolyte16. With detailed mechanistic studies, previous 
research has revealed the critical role of superoxide intermediate through 1-electron 
mechanism during the discharge process, the presence of which further results in the 
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formation of peroxide species through disproportionation catalyzed by Li+. The discharge 
voltage is therefore reflected by the kinetics of superoxide formation as the first 
electrochemical step, whose inherent kinetics limit the voltage output of the cell (ca. 2.96 
V vs Li+/Li)14. This localized process occurring on the electrolyte/electrode interface also 
leads to capacity deviation from the theoretical value. For the recharge process, previous 
studies have provided strong evidences to support a 2-electron electro-oxidation 
mechanism20-22. Since the final discharge product Li2O2 is electronically and ionically 
insulating, decomposition of Li2O2 through 2-electron process generally requires high 
overpotentials. The efficiencies of removing the discharge product was therefore low due 
to parasitic processes that happened both with reactive oxygen species and at high 
potentials12,23.  
Table 1-2. Chemical reactions for non-aqueous Li-O2 batteries. 
 Discharge Charge 
Anode reaction Li - e = Li+ Li+ + e = Li 
Cathode reaction 2Li+ + O2 + 2e = Li2O2 Li2O2 -2e = 2Li+ + O2 
Overall reaction 2Li + O2 = Li2O2 Li2O2 = 2Li + O2 
 
In aprotic Mg-O2 batteries, the plating and tripping of Mg on the anode, and formation 
and decomposition of a mixture of magnesium peroxide (MgO2) and magnesium oxide 
(MgO) on the cathode together composes the cell chemistry (Table 1-3)24,25. The cathode 
half reaction of the Mg-O2 batteries slightly differs from Li-O2 chemistry due to the 
presence of Mg2+ as a much stronger Lewis acid in the electrolyte. While the 2-electron 
reduction from molecular oxygen (O2) to peroxide proceeds in a similar manner in aprotic 
medium through a superoxide intermediate, the product of MgO2 exhibit much less stability 
 5 
than its counterpart of Li24,25. As a matter of fact, subsequent disproportionation of the 
peroxide species to the oxide species results in a mixture of MgO2 and MgO at the cathode 
upon discharge. For the recharge process, the final discharge product MgO2 and MgO 
suffers the same issue of its Li counterpart but only more severe, as the 2- and 4-electron 
process with the presence of divalent cation further exacerbate the kinetic penalties24,26. 
The efficiencies of removing the discharge product was even lower compared to that of Li-
O2 batteries, during which severe parasitic reactions and electro-decompositions are also 
present to harm the cell reversibility27. 
Table 1-3. Chemical reactions for non-aqueous Mg-O2 batteries. 
 Discharge Charge 
Anode reaction Mg - 2e = Mg2+ Mg2+ + 2e = Mg 
Cathode reactions 
Mg2+ + O2 + 2e = MgO2 
2Mg2+ + O2 + 4e = 2MgO 
MgO2 - 2e = Mg2+ + O2 
2MgO - 4e = 2Mg2+ + O2 
Overall reactions 
Mg + O2 = MgO2 
2Mg + O2 = 2MgO 
MgO2 = Mg + O2 
2MgO = 2Mg + O2 
1.2 Challenges for metal-oxygen batteries 
Owing to the high theoretical energy density of metal-oxygen batteries, tremendous 
research efforts have been dedicated to this field since as early as 1970s. Significant 
progresses have therefore been made toward capitalizing the promises held by this 
technology. Accordingly, fundamental challenges and practical issues have also been 
recognized within a large body of literature11,27. As represented by the prevailing interest 
in Li-O2 systems, the problems have been intensely studies thereafter. While less attention 
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may be paid to its counterpart featuring divalent cations, additional issues were found to 
further complicate the cell operations27. The rich knowledge from literature is therefore 
presented within the following two systems, Li-O2 batteries and Mg-O2 batteries. 
1.2.1 Challenges for metal-oxygen batteries featuring monovalent cations 
As the representative contenders among metal-oxygen batteris featuring monovalent 
cations, Li-O2 batteries are the most widely studied system by the community due to their 
highest theoretical specific energy (3,505 Wh/kg). Even by the more conservative estimates, 
the specific energy of Li-O2 batteries on a system level (300 Wh/kg) is still much higher 
than state-of-the-art Li ion batteries (LIB, 120 Wh/kg) by a large margin22. Originally 
reported in 1996, this technology gained significant attention since the breakthrough in 
200628. Continued research, nevertheless, has revealed a number of important issues that 
limit further development of Li-O2 batteries into a practical technology. These issues 
include poor stabilities of all components of the test cells: the anode, the electrolyte and 
the cathode12,22,23. Additionally, much higher recharge potentials than discharge ones are 
often necessary, limiting the achievable energy efficiencies29,30. These issues and their 
chemical origins have been the topic of numerous recent studies including those by us. 
Briefly, it is generally recognized that carbon is an unstable cathode material that can be 
readily corroded during cell operations (for both discharge and recharge, but more so for 
the recharge process). The high overpotentials originated from the cathode are responsible 
for the low round-trip efficiencies22. While many catalytic materials have been studied and 
have shown promises for reducing the overptoentials, their stability issue remain 
outstanding upon long-term cell operations5,31. In addition to the cathode and its catalyst, 
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no stable electrolytes have been identified yet, although DME (dimethoxyethane), 
TEGDME (tetraethylene glyco dimethyl ether) and DMSO (dimethtylsulfoxide) have been 
popularly used despite the presence of parasitic reactions14,32-35. Moreover, without a stable 
solid-electrolyte-interface (SEI) layer, Li as an anode material faces critical problems12. 
Yet, replacing it with other Li-containing materials will greatly reduce the achievable 
capacities, undermining the potentials held by Li-O2 batteries36. Next, we will discuss 
various issues associated with each key component of a test cell in detail. 
1.2.1.1 Issues with the cathode 
In principle, the 2-electron reduction/oxidation between molecular oxygen (O2) and 
peroxide (Li2O2) in aprotic electrolytes is expected to be highly reversible10. As a result, 
we anticipate batteries based on the chemical conversion to be highly rechargeable. In 
reality, however, poor rechargeability has been a key issue faced by all Li-O2 test cells32. 
In connection with this issue are the low round-trip efficiencies, defined as the ratios 
between the output energy and the input one (η=Eoutput/Einput; at constant charge capacity, 
η=Vdischarge/Vrecharge). A typical average discharge potential is 2.7 V vs. Li+/Li, and that for 
recharge is approximately 4.0 V vs. Li+/Li, yielding a representative round-trip efficiency 
of 65%10,18,37. Nearly all existing efforts on Li-O2 batteries are either directed toward 
improving the rechargeability or increasing the round-trip efficiencies or both. Other issues 
such as poor rate performance (e.g., significantly lower capacities are observed when the 
charge/discharge rates are increased) and poor stability have their roots in the 
rechargeability and round-trip efficiencies, as well12,23. Consider the rate performance as 
an example. As is dictated by the Butler-Volmer equation, faster kinetics demand greater 
overpotentials. When tested under faster discharge rates, the average discharge potential 
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will further decrease from the 2.96 V vs. Li+/Li equilibrium potential; similarly, greater 
recharge potential would be expected for faster recharge rates. Together, a lower discharge 
potential and a higher recharge potential rooted in cathode chemistry would lead to a much 
worse round-trip efficiency. The connection between rechargeability and stability is self-
evident. 
In addtion to the electrochemical performance and its chemistry basis, the cathode in 
Li-O2 batteries also suffer poor stability38-41. To further understand this issue, let us next 
examine the possible reaction pathways for the degradation of carbon cathode. Superoxide 
and related species are important intermediates during the reduction step of O2. They are 
expected to either receive a second electron or undergo disproportionation, and the desired 
final product is Li2O2 species14,42,43. However, superoxide species are highly reactive and 
can attack defective sites on carbon where functional groups such as C=O are present. 
Indeed, the existence of superoxide species during discharge has already been confirmed27. 
Their reactions with carbon have also been observed38,41. The degradation of carbon 
cathode are worse during recharge, particularly toward the late stage when high potentials 
(e.g., >4.2 V vs. Li+/Li) are common12,23. It is noted that these reactions at high potentials 
do not necessarily require the presence of superoxide species, although the superoxide 
existence was recently confirmed during recharge in a mixed ionic liquid 
(PYR14TFSI/DME) system20. The decomposition of the carbon cathode produces insoluble 
byproducts that are deposited onto carbon surfaces which are difficult to decompose. Their 
presence is an important reason why higher recharge potentials are often required to 
recover the discharge capacities, resulting in more degradation of the carbon cathode and 
other cell components38. The overall cell performance is on a rapid downward degradation 
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spiral. In accordance with this understanding, the parasitic chemical reactions have been 
recently ascribed as an important reason for the high recharge overpotentials and, hence, 
the low round-trip efficiencies as mentioned in the paragraph above. We now see that poor 
cyclability and low round-trip efficiencies are both intimately connected to parasitic 
chemistries on the surfaces of the carbon cathode12,32. 
1.2.1.2 Issues with the catalyst 
The original idea of introducing catalysts in Li-O2 systems was to reduce the overpotentials 
for both discharge and recharge29,32,44. Reduced overpotentials would not only translate to 
higher round-trip efficiencies, they also limit the highest applied potentials so as to limit 
undesired chemical reactions such as electrolyte and/or electrode decomposition. Together, 
catalysts are expected to enable (i) higher round-trip efficiencies, (ii) better rate 
performance, and (iii) longer cycle lifetimes5. However, it has been realized that one key 
negative consequence of introducing catalysts may be the promotion of parasitic chemical 
reactions such as electrolyte decomposition and cathode decomposition31. As such, it 
remains a critical debate whether it makes sense to introduce catalyst for Li-O2 battery 
operations at all. Indeed, the parasitic chemical reactions catalyzed by the catalyst additions 
do introduce artificial effects that complicate studies of Li-O2 battery operations12. Whether 
the various catalysts change the electrochemical behaviors of the test cells through a 
conventional catalytic mechanism remains unknown. 
While the role of catalysts in inducing parasitic chemical reactions remains unclear, 
the mounting evidence that the introduction of catalyst does improve the performance 
metrics is indisputable. In practice, however, long-term stability of the catalytic candidates 
themselves remains a critical caveat under such harsh testing conditions. As discussed 
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above, the Li-O2 cathode features a rather complex system that employs solid/liquid/gas 
interfaces during ORR and OER. It is also well known to possess severe parasitic reactions, 
incurring concerns on the stability for both heterogeneous and homogeneous catalysts31,32. 
With repeated formation and decomposition of Li2O2 as well as byproducts accumulation, 
the catalysts are prone to degradation, detachment and/or agglomeration. To make the 
situation worse, battery operation usually necessitates months of reliable activity and 
stability with frequent switching of polarities, which further raises expectations on the 
catalyst structural and chemical stability19. How to maintain long-term stability of the 
supported catalyst while balancing the desired catalytic activity remains the most urgent 
quest to be fulfilled by the community. 
1.2.1.3 Issues with the anode 
Compared to parasitic chemistries on the cathode side, little attention has only been paid 
to those on the Li anode until recently. While dendrite growth on Li has been recognized 
as a significant challenge under the broad definition of Li-metal batteries, other issues 
connected to Li reactivity with O2 need to be examined with greater care, as well12,45. As 
far as Li-O2 batteries are concerned, it is generally believed that while Li reacts with 
dissolved O2 to yield reactive species (which would then promote the decomposition of the 
electrolyte), the reaction is self-limiting. Insoluble byproducts form a pseudo-SEI layer that 
protects Li from further corrosion. As such, the overall contribution to cell capacity loss by 
these reactions is considered insignificant. However, this simplified view overlooks the 
high reactivity of freshly plated Li during recharge. The spontaneous SEI layer formed on 
Li surface is not expected to fully block electron diffusion, which means that at least some 
Li will be plated on top of the spontaneous SEI layer4. The situation is exacerbated by the 
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dendrite growth of Li. The freshly plated Li is directly exposed to the O2-saturated 
electrolyte. It is expected to react with O2 and produce reactive species that will induce the 
decomposition of the electrolyte12. The reaction has been recently confirmed. Due to O2 
consumption by the newly plated Li, an obvious pressure decrease is consistently observed 
during the resting stage after recharge. Since the plating of Li is a continuous process during 
recharge, its reactions with O2 and the consequential electrolyte decomposition are 
accumulative. Moreover, these reactions produce byproducts such as protons, which is a 
particularly reactive species that can accelerate the parasitic chemistries35,46. Taken 
together, the reactions at the anode are an important reason for Li-O2 cell failures but have 
been previously overlooked. 
1.2.1.4 Issues with the electrolyte 
While promising results on how to stabilize the cathode and the anode have been reported, 
little progress had been made toward the discovery of a stable electrolyte system47. Due to 
the ORR and OER on the cathode and possible reactions between Li and dissolved O2, 
reactive oxygen species (e.g., O2˙-, Li2O2 and Li2-xO2) are expected to co-exist with 
molecular O2 in the electrolyte. Their reactivity toward the electrolyte is a critical reason 
for the electrolyte decomposition41. As a result, byproduct formation due to electrolyte 
decomposition has been confirmed in nearly all systems studied previously. To further 
complicate the situation, these parasitic chemical reactions have been shown to exhibit 
synergistic effects toward the cathode and anode degradation. In accordance with the 
literature conventions, here we focus on the reactivity of solvents to understand the origin 
of the electrolyte stability issue. For clarity, we categorize known electrolyte 
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decomposition pathways into five groups, (1) nucleophilic attacks, (2) auto-oxidation, (3) 
acid-base reactions, (4) proton-mediated reactions, and (5) reduction by Li12. 
Nucleophilic attack: The desired product of O2 reduction in an aprotic Li-O2 battery 
is Li2O2. As a nucleophile, its reactivity toward functional groups such as sulfoxides (S=O) 
and carbonyls (C=O) is known48. A more problematic species toward electrolyte 
decomposition is O2˙-, which is an important intermediate during both ORR and OER. As 
an intermediate, O2˙- has been found not only at the cathode support where ORR and OER 
take place, but also in the electrolyte as solvated species22. These reactive species serve as 
a promoter to the electrolyte decomposition. Indeed, carbonate electrolytes used in early 
Li-O2 battery studies were found to decompose severely due to the nucleophilic attacks by 
O2˙- to the C=O groups49, producing Li alkyl carbonates and Li2CO3. Computational 
studies have shown that other esters face similar issues50. DMSO has been explored by the 
Bruce et al. as an electrolyte for better stability against nucleophilic attacks than 
carbonates51. However, research by Shao-Horn and Aurbach et al. and others revealed that 
sulfoxide is susceptible to nucleophilic attacks by reduced oxygen species, as well48,52. 
Compared to ester and sulfoxide, amide is a weaker electron withdrawing group and has 
been studied for their potential as a stable electrolyte toward nucleophilic attacks53. The 
expectation is supported by computational calculations showing higher free energy barrier 
than DMSO and esters50. Experimental results on the stability of amides against 
nucleophilic attacks, however, are not conclusive. 
Auto-oxidation: One class of electrolyte, the ethereal-based ones such as DME and 
TEGDME, is notable for their stability against nucleophiles owing to the lack of electron-
withdrawing functional groups in their molecular structures. As a result, they have become 
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the most widely used electrolytes in recent Li-O2 literatures14,16,23. Their reactivity toward 
auto-oxidation, nevertheless, presents significant problems. For example, the α-H in ethers 
has been shown reactive toward superoxide radicals54. In fact, Shao-Horn et al. have shown 
that simple mixture of ethers with molecular O2 leads to auto-oxidation through α-H 
abstraction55. These reactions further promote the release of protons, esterification and 
polymerization, leading to severe decomposition of the electrolyte. The detection of 
byproducts such as formate and acetate supports the auto-oxidation mechanism55. As far 
as auto-oxidation is concerned, superoxide radicals are not the only reactive species. 
Molecular oxygen has been shown to promote similar reactions as well. For instance, 
polyether-based electrolytes suffer auto-oxidation initiated by dissolved molecular 
oxygen55. The auto-oxidation of the α or β positions also contributes to the decomposition 
of carbonates56. It has been predicted by computational studies that auto-oxidation may be 
a general decomposition pathway, presenting a significant challenge in the development of 
stable electrolyte systems for Li-O2 batteries54. The issue is especially severe for ether-
based electrolytes. 
Acid-base reaction: The reduced oxygen species are strong Lewis bases in aprotic 
environments. They tend to attack the α- or -H following an acid-base chemistry 
mechanism. The reactivity is enhanced by the presence of polarizing functional groups 
such as sulfoxide or charged atoms. Consider DMSO as an example. Its α position can be 
readily deprotonated by superoxides and peroxides48. The resulting anions lead to further 
degradation of the electrolyte, consuming the intermediates or the final products or both 
and lowering the Coulombic efficiencies. Such an acid-base pathway is a main mechanism 
for the decomposition of ionic liquids, which were originally adopted for their low vapour 
 14 
pressure, low flammability, low H2O content and possible better stability against 
oxidation20. However, as early as in 2012, McCloskey et al. evaluated the performance of 
several ionic liquids and raised questions about the stabilities of the cations23,41. In the 
experiments, H2 was detected as a major gas phase byproduct during discharge, pointing 
to a -H elimination mechanism by acid-base chemistry. Two recent studies by the 
Gasteiger group provided strong evidence to support the decomposition pathways of a 
model ionic liquid, namely PYR14TFSI (1-butyl-1-methylpyrrolidinium 
bis(trifluoromethanesulfonyl)imide), following the Hofmann elimination mechanism57,58. 
As a soft acid, PYR cation interacts favourably with superoxide, which is a soft base, 
according to the half-soft-acid-base (HSAB) theory. This interaction helps stabilize 
superoxide in the electrolyte, promoting OER reactions following a one-electron process20.  
Consequently, low recharge overpotentials are measured. The relatively high concentration 
of superoxide in PYRTFSI, nonetheless, also promotes -H elimination of PYR cation by 
the superoxide, leading to the decomposition of the electrolyte. 
Proton-mediated reactions: Despite the best efforts to remove H2O from the 
electrolyte, H2O has been an inevitable impurity in all electrolytes reported in the 
literature46. It is an important source of protons, which interact strongly with oxygen 
species such as superoxides and peroxides. These interactions produce protonated 
superoxides, peroxides and hydroxides that are nucleophiles and strong bases35. They 
participate in the various decomposition reactions of the electrolyte as discussed above. 
Moreover, the strong interactions between protons and reduced oxygen species help 
dissolve the latter, further enhancing electrolyte decomposition by reactive oxygen species. 
Indeed, it has been shown that the existence of proton accelerates the degradation of the 
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electrolytes, leading to the formation of formate and acetate byproducts34. Worse, the 
decomposition reactions liberate more protons to exacerbate the degradation of the 
electrolyte in a self-accelerating fashion. 
Reduction by Li: Li is a necessary component in order to actualize the potentials of 
Li-O2 batteries as a high-capacity energy storage technology. Its reactivity with the 
electrolyte and dissolve oxygen species is therefore an important consideration that must 
be taken into account. The reactivity originated from the highly reducing nature of Li leads 
to the decomposition of most known electrolytes. For instance, ethers and carbonates have 
been shown to be decomposed by Li upon contact, forming insoluble byproducts such as 
lithium oxides, carbonates, alkyl carbonates and hydroxides59. These byproducts deposit 
onto Li to form a compact film that prevents further direct contact between Li and the 
electrolyte, effectively limiting the reactions. Furthermore, this film is electronically 
insulating but allows for diffusion of Li+, serving as a SEI layer. Such a feature permits the 
utilization of Li anode for Li-O2 test cells. However, no known stable SEI formation has 
been reported for certain electrolyte systems such as amides or DMSO51,53. These 
electrolytes have attracted attention for their potential resistivity against oxygen species. 
The reactivity of these electrolytes toward Li is therefore a challenge that must be addressed. 
Promising results have already been obtained by additives such as LiNO353. For long-term 
stability of these electrolytes, however, a highly stable SEI layer on Li with good controls 
over its properties is needed. 
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1.2.2 Challenges for metal-oxygen batteries featuring divalent cations 
While the above problems are shared with almost all metal-oxygen batteries featuring 
divalent cations, additional issues exist that further complicates the cell operations. We 
then choose Mg-O2 batteries as a model system to illustrate potential challenges within this 
category. The operation of Mg-O2 batteries suffer two major challenges: poor 
rechargeability and low discharge voltage60. These problems further lead to low round-trip 
efficiencies24,26. As evident by the discussions above, the electrochemical decomposition 
of the discharge product (a mixture of MgO and MgO2) was difficult which requires 
significantly high overpotentials26. Compared to their counterpart of Li2O2, decomposition 
of Mg oxides exhibits much higher kinetic penalties due to the strong interaction between 
oxygen species and Mg2+ as a divalent cation17. As a result, high overpentials are always 
required, during which electrolyte and electrode decompositions may likely hijack the 
recharge process13. To improve recharge efficiency, employing catalyst is of critical 
importance5,10. Other than the poor recharge capability, the discharge performance is also 
problematic. Such a problem is closely related to the reaction mechanism. It was observed 
that the output voltages were usually around 1.2 V versus a Mg anode, far lower than the 
equilibrium potentials of MgO (2.95 V vs Mg2+/Mg) and MgO2 (2.91 V vs Mg2+/Mg) 
formations. Vadar et al. later found that in aprotic electrolyte, the superoxide formation 
(2.04 V vs Mg2+/Mg) dominates the initial electrochemical process during discharge24, 
after which it disproportionates to form MgO and MgO2. Since the discharge voltage is 
reflected by the potential of the first electrochemical step as of superoxide formation, which 
is much lower than the expected potentials corresponding to MgO (2.95 V vs Mg2+/Mg) 
and MgO2 (2.91 V vs Mg2+/Mg) formations, the overall energy density of Mg-O2 batteries 
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is therefore significantly undermined by ca. 30%60. These issues are shared by other metal-
oxygen batteries that feature divalent cations9,13. The sluggish development of this category 
is rooted in their challenging chemistry. 
1.3 Potential strategies to address the challenges 
1.3.1 Protected carbon and non-carbon cathode 
As far as the kinetics are concerned, the high overpotentials on the cathode can be mitigated 
by incorporating efficient electrocatalyst. Typically, two categories including the 
heterogeneous catalysts and the redox mediators, have been adopted5,10,18,32,44,61. More 
discussion on this aspect will be carried out in the following sections. On the other hand, 
the instability problem at the cathode can be potentially solved by depositing a protection 
layer on carbon. Promising results have been observed when ALD-grown Al2O3 was 
present on super P carbon62. Similarly, much better stability was obtained by us previously, 
when FeOx was grown on three-dimensionally ordered mesoporous (3DOm) carbon 
through Li-O2 demonstrations40. These strategies effectively enabled stable operation of 
the carbon-based cathode. However, the inherent merits of carbon, such as ORR catalytic 
activity, high surface area, high conductivity, etc., are inevitably sacrificed. To solve this 
problem, additional catalysts need to be introduced to facilitate cell operations. How to 
stabilize the catalysts onto the introduced protection layer remains a new topic that requires 
additional efforts. Alternatively, replacing the unstable carbon cathode with non-reactive, 
carbon-free materials hold great promise. In the past years, various non-carbon cathode 
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materials have been developed by us and others which are applicable for both monovalent-
oxygen and divalent-oxygen battery systems12,63-65. Although the stability of the cathode 
can indeed be significantly improved, the high cost of the synthesized cathode substrates 
may limit the practicability of this approach. 
1.3.2 Heterogeneous catalyst and redox mediators 
While it may be more obvious for some issues and less so for others, catalysis at the cathode 
plays a pivotal role in solving issues faced by all metal-oxygen batteries. Take Li-O2 as an 
example, it was recognized early on that catalysts are critical to the decomposition of Li2O2, 
and, hence, the recharge process61,66-68. The improvement on round-trip energy efficiency 
through incorporating catalysts is self-evident. The OER catalysis effect would be more 
significant to metal-oxygen systems featuring divalent cations, as the interaction between 
divalent cation and oxygen species is far stronger than its monovalent counterparts5. On 
the other hand, the need for catalysis during discharge deserves additional attention. The 
same argument for recharge as presented above may be used to support the need for ORR 
catalysis. But the ORR catalytic activity inherent to carbon, which is nearly ubiquitously 
used in most metal-oxygen research, further complicates the motivation of introducing 
discharge catalysts. Take Mg-O2 battery as an example. As discussed above, the problem 
of low output voltage is rooted in the inherent catalytic activity of the carbon support 
toward superoxide formation24,25, for which the catalysts should be designed accordingly 
to guide alternative reaction pathways rather than promoting the intrinsic mechanism60. 
Situations like this are particularly true for redox mediators where a solution mediated 
pathway is generally involved to circumvent the conventional solid state pathways10,61,67,68. 
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Despite the advances made in improving catalytic activities, what baffles the catalyst 
development is the instability issue upon cell cycling. Further research is needed to balance 
the desired activity and stability to ensure long-term cell operations. 
1.3.3 Protected anode by artificial and spontaneous SEI 
We see from the above discussions that O2 and reactive oxygen species play important 
roles in promoting various undesired side reactions in nearly all components of a test cell. 
For the anode, oxygen species react with alkaline or alkaline earth metals to initiate a 
number of reactions that contribute to the degradation of the anode11,12. Take Li-O2 battery 
as an example, Li often exhibits strong reactivity toward the electrolyte, particularly those 
with resistance against oxidation (e.g., DMA and DMSO)50,54. While the formation of 
natural SEI layer helps protect Li to some extent, the effect is highly phenomological and 
lacks control. Such a protecting effect by natural SEI is usually far less effective for other 
metal anodes such as Mg25. Moving forward, the strategy of forming a stable SEI is 
expected to address this issue for both monovalent- and divalent-oxygen systems. Solid-
state electrolytes that can be grown as ultra-thin, uniform layers can serve as an artificial 
SEI layer and have received some research attention lately17. Similar concepts can be 
realized by using polymer or gel coatings to enable protected Li or Mg anode69. 
Alternatively, the artificial protection on the anode can be achieved spontaneously through 
introducing additives into the electrolyte70. Due to the strong needs for enabling a broad 
range of Li-metal batteries, the knowledge of electrolyte additives has been advanced 
tremendously in the past years on how to achieve stable operation of Li71. Similar approach 
are likely to be adopted for other metal anodes as well. Despite the great promise of the 
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above strategies, the applicability of either artifical SEI or spontaneouse protection layer 
needs to be reevaluated in the integrated metal-oxygen systems where both the cathode and 
electrolyte chemistries are involved. 
1.3.4 Screening stable electrolyte 
Other than the existing electrolyte choices, some novel solvent as well as salt candidates 
have been screened and tested for metal-oxygen batteries in the past decade72. The 
practicability of these new electrolytes, however, still remains to be seen. From a system 
point of view, some relatively stable solvent against reactive oxygen species may face 
additional problems when cooperating with other cell components72. Alternatively, 
considering the decomposition mechanisms, one may also choose to protect the susceptible 
positions or modify the labile functional groups through chemical synthesis. Nazar et al. 
reported a synthesized ethereal electrolyte to address the stability issue73. By substituting 
the backbone hydrogens on DME with methyl groups, this novel electrolyte was found to 
be successful to some extent in suppressing lithium formate and lithium carbonate 
formation during discharge, and CO2 evolution during recharge. Similarly, based on 
previous findings on PYR decomposition pathway, one would consider the methylation of 
the β positions to reduce the reactivity with oxygen species. Another potential approach to 
fix the susceptible positions would be through fluorination. Note that additional 
purification and high cost of artificially synthesized electrolytes can be practical concerns. 
From a performance point of view, the introduced bulky substitutions can potentially 
decrease the oxygen diffusivity in the electrolyte, resulting in higher overpotentials and 
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poor rate capability during cell operation. Despite these important progresses, a stable 
electrolyte is still missing to enable long-term metal-oxygen battery operations12. 
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Chapter 2 Stable Catalysts for Li-O2 Batteries 
The instability of nanostructured heterogeneous catalysts, e.g. nanoparticles1-4, 
nanoclusters5,6 and atomically dispersed active sites7-9, is commonly observed in a variety 
of reactions. It is well known that oxidative dissolution and agglomeration of Pt on carbon 
supports readily occurs during the oxygen reduction reaction (ORR) in polymer electrolyte 
membrane fuel cells10-13. For the hydrogen evolution reaction (HER) and CO2 reduction 
reactions, the detachment and migration of catalysts also transpire frequently14-16, 
particularly under high reaction rates where gaseous products are quickly converted at the 
solid/liquid interface. Such problems often become more pronounced when further 
downsizing the catalytic unit. For example, similar to the aforementioned cases, previous 
studies have shown that the chemical and structural stability of nanocluster catalysts were 
rarely ideal during long-term oxygen evolution reactions (OER) in which a multiphase 
environment is involved17,18. Similar issues arise when nanoclusters are exposed to aprotic 
environments19,20 or undergo high temperature gas-phase reactions21,22. Recently, there has 
been a growing interest in atomically dispersed active sites and sub-nanometer scale 
clusters for catalytic applications; however, even short-term stability of these anchored 
species presents a formidable challenge23,24. 
As discussed in the previous chapter, such instability issue of catalyst is shared and 
exacerbated in metal-oxygen battery systems. It has been shown that applying efficient 
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cathode electrocatalysts is beneficial to the ORR during discharge and, particularly, the 
OER during recharge. However, long-term stability of the current catalytic candidates 
remains a critical issue, especially when operating under harsh testing conditions25,26. The 
Li-O2 cathode operates within a rather delicate system that involves solid/liquid/gas 
interfaces during ORR and OER26-29. Severe parasitic reactions are well documented, 
which further reduces the catalyst’s overall stability26,30,31. With repeated formation and 
decomposition of lithium peroxide (Li2O2) as well as other reactive byproducts, the 
catalysts are prone to degradation, detachment, agglomeration, and/or elemental 
segregation28,30,32. For practical applications, battery operations usually require months of 
reliable performance with frequent switching of polarities between discharge and recharge, 
necessitating good stability of the catalysts and highlighting the gap between the needs and 
what can be provided by existing materials33. 
In this chapter, we employ Li-O2 battery as a prototypical system to evaluate catalysts 
prepared by different synthesis methods (carbothernal shock, CTS vs wet impregnation, 
WI) so as to reveal critical factors that influence catalytic stability and, consequently, 
overall electrochemical performance. In comparison to conventional wet chemistry 
approaches (i.e., WI), the CTS method enables us to explore more complex multimetallic 
nanoparticle compositions (4- and 8-element) for oxygen electrocatalysis. Together with 
enhanced structural and chemical stability, these supported catalysts synthesized by CTS 
significantly extend the cycle life of Li-O2 batteries. The results offer a new synthetic path 




Figure 2-1. Schematic representation of the process and capabilities of the CTS synthesis 
method for the preparation of stable catalysts for Li-O2 battery operations. Nanostructured 
catalysts with multimetallic compositions are readily achievable via CTS on carbon 
supports, which exhibit enhanced structural and chemical stability compared to 
conventionally synthesized nanocatalysts. 
2.1 Methods 
2.1.1 Materials preparation 
Lithium bis(trifluoromethane)sulfonimide (LiTFSI, ≥99.95%, trace metals basis), 1,2-
dimethoxyethane (DME, anhydrous), lithium ribbon (≥ 99.9%, trace metals basis, 0.38 mm) 
and polytetrafluoroethylene (PTFE, 60 wt% aq.) were all purchased from Sigma-Aldrich. 
DME was further dried with 4 Å molecular sieves prior to cell assembly. Deionized water 
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(DI H2O, 18.2 MΩcm) was obtained with a Barnstead Nanopure Diamond system. The 
DME-based electrolyte was prepared by dissolving 1 m LiTFSI into the dried DME. The 
water-in-salt (WiS) electrolyte was prepared by dissolving 21 M (21 mole/1 kg) LiTFSI 
into DI H2O. Carbon paper (Toray 120) gas diffusion layers were purchased from the Fuel 
Cell Store, cleaned in sequence with acetone, methanol and isopropanol, and then 
thoroughly dried under vacuum before use. Three-dimensionally ordered mesoporous 
(3DOm) carbon was prepared using similar processes reported by Fan et al.34, where 
colloidal silica nanoparticle assemblies act as templates to promote controlled pore size 
formation. The interconnected spherical pores (ca. 35 nm) were created by sintering the 
silica nanoparticles and infiltrating the assembly with curable polymers. A carbonization 
step followed by removal of the silica nanoparticle template (dissolving in an alkaline 
solution) yields the porous carbon replica (e.g. 3DOm carbon), which resembles an inverse 
FCC close-packed structure. Vulcan XC72 carbon black was purchased from Cabot 
Corporation. LiFePO4 (LFP, active material density: 120 g/m2, single sided) was purchased 
from MTI. Similar to a previous study, the LFP films were cut into square pieces (area of 
ca. 1.5 cm2) and acted as both the pseudo-counter electrode and reference electrode within 
the WiS electrolyte platform. 
3DOm or Vulcan carbon with PTFE binder was dispersed in isopropyl alcohol (IPA) 
in a 95:5 mass ratio. The prepared solution was then diluted in order to achieve a specific 
weight loading (1.0 ± 0.1 mg) on the clean carbon paper through repeated drop casting 
steps. The cathode substrate has an area size of ca. 1.0 cm2, therefore yielding a loading 
density of ca. 1.0 mg/cm2. The conformal coverage by carbon powders was confirmed by 
SEM before testing. The electrodes were further dried in a vacuum oven for 2 days at 140 
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ºC to remove any residual solvents. To prepare the CTS device, the carbon-loaded carbon 
paper substrates were cut in half (ca. 1 cm × 0.55 cm) and attached to the custom device 
platform used to apply current (e.g. electrical pulse) via the CTS method in an Ar-filled 
atmosphere. Specifically, the carbon-loaded supports were suspended between glass slides, 
where copper electrodes and silver paste provided the electrical connections as reported 
previously35. 
All samples reported in this work were prepared using ethanol-based precursor 
solutions (varied between 0.05 M and 0.10 M; optimized at 0.05 M), as ethanol exhibits 
better wettability with carbon and therefore, enables more uniform dispersions. The 
solutions were directly dropped onto the suspended carbon-loaded supports with the 
desired precursor loading (varied between 20 and 240 μL/cm2; optimized at 120 μL/cm2) 
and left to dry at room temperature. Note that the elemental precursor solutions were first 
combined together in the desired volume ratio to create mixed binary, ternary, quaternary 
or octonary compositions prior to drop casting. The ternary and quaternary compositions 
reported herein used a total of 10 vol% of 3rd and 4th elements, with the same RuIr ratio 
(Ru-rich). The octonary compositions reported herein used a total of 24 vol% for the 
catalytically inert elements, also with the same RuIr ratio. The CTS process was achieved 
by electrically-triggered Joule heating of the precursor-loaded carbon supports in an Ar-
filled glovebox. Due to the low resistance (<1 Ω) of the aforementioned carbon supports, 
a high current/voltage regulated DC power supply (VOLTEQ HY6020EX) acted as the 
external power source with an adjustable current range up to 20 A. A high current electrical 
pulse was applied directly to the carbon-loaded supports in an Ar-filled glovebox to induce 
a ≤1 s thermal shock. Due to the defect density of the carbon-loaded supports, multimetallic 
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(solid solution) nanoparticles with diameters on the order of nanometers can be 
reproducibly produced using a ≤1 s shock duration. 
2.1.2 Materials characterization 
Before spectroscopic and microscopic post-characterization, the carbon-based cathodes 
were operated at 200 mA/gcarbon in order to reach either a cutoff of 500 mAh/gcarbon or the 
fully discharged state. The electrode samples were then collected in an Ar-filled/O2-
tolerant glovebox (Mbraun, H2O <0.1 ppm), washed with DME at least 5 times to remove 
remaining residues, and then dried under vacuum for 6 hrs. X-ray photoelectron 
spectroscopy (XPS) was conducted on a Thermo Scientific K-Alpha system with an Al X-
ray source (incident photon energy: 1486.7 eV). The fitting of XPS data was carried out 
using XPS Peak 4.1 software. Scanning electron microscopy (SEM) was performed using 
a JEOL 6340F microscope with a 10 kV accelerating voltage. Both SEM and XPS samples 
were carefully transported to their respective characterization tools using sealed Ar-filled 
bags. The samples were then mounted onto the stage with a short exposure to air (<5 min) 
before entering the high vacuum chamber. The TEM samples were prepared by first 
sonicating the cathode samples in ethanol to disperse the carbon powders in an Ar-filled 
vial, then drop cast onto the TEM grid. The HRTEM and HAADF images were captured 
at 200 kV inside a JEOL JEM-ARM 200CF. The HAADF images were captured using a 
90 mrad inner-detector angle. The X-ray energy dispersive spectroscopy (EDS) analysis 
was performed with an Oxford X-max 100TLE windowless SDD X-ray detector with a 
resolution of 512 and a pixel dwell time of 50 μs. The Ru content within the synthesized 
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catalysts were quantified using inductively coupled plasma optical emission spectrometry 
(ICP-OES). The mass loading of Ru was measured to be ca. 0.1 mg/cm2. 
2.1.3 Electrochemical characterization 
All electrochemical tests were carried out with a VMP3 potentiostat (BioLogic) using a 
home-designed Swagelok-type cell described previously36. The electrochemical 
measurements were conducted in an Ar-filled/O2-tolerant glovebox (Mbraun, H2O 
<0.1ppm) at room temperature. The Li-O2 testing cells were fabricated using a 2-electrode 
configuration. The catalyst-decorated Vulcan or 3DOm carbon loaded supports were used 
directly as the cathode, with an area of ca. 0.5 cm2 after the CTS (or WI) process. Lithium 
ribbon (area of ca. 1 cm2) was used as the anode. Two pieces of polypropylene separators 
were used to separate the respective electrodes. Note that two pieces of glass microfiber 
(GF/F, Whatman) separators were used for the WiS electrolyte. All current density and 
capacity values were normalized to the applied weight of the 3DOm or Vulcan carbon. In 
a typical experiment, 100 µL DME-based electrolyte or 250 µL WiS electrolyte was 
applied to each Li-O2 cell. After assembly, ultra-high purity O2 (Airgas) was purged 
through the head space of the Swagelok cell at 20 sccm for at least 1 minute. The cell was 
then separated from the O2 line afterwards when the pressure equilibrated to 760 torr. The 
rate measurements for the 3DOm carbon cathodes were conducted at 200 mA/gcarbon and 
500 mA/gcarbon for each catalyst composition with a cutoff capacity of 250 mAh/gcarbon. 
Accordingly, the galvanostatic cycling tests with DME-based electrolyte were conducted 
at a current density of 200 mA/gcarbon with a cutoff capacity of 500 mAh/gcarbon (operated 
for 5 h/cycle). For the WiS electrolyte37, Vulcan carbon cathodes were tested against an 
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LFP pseudo-anode at 50 mA/gcarbon with a cutoff capacity of 250 mAh/gcarbon (operated for 
10 h/cycle). Note that the total capacity of the Li or LFP pseudo-anode was in excess 
compared to the applied capacities for all electrochemical measurements. 
2.2 Results and discussions 
2.2.1 Identifying suitable cathode substrate and catalyst composition 
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Figure 2-2. (a-b) TEM and (c-d) SEM images of the mesoporous 3DOm carbon, where 
through-pores on the order of tens of nanometers (ca. 35 nm) are present.  
To evaluate the influence of synthesis method on the stability behavior of the catalysts, a 
suitable cathode substrate (i.e., catalyst support), and an efficient catalyst for oxygen 
electrocatalysis were first identified. Carbon-based materials are predominantly used by 
the Li-O2 research community as both the cathode and catalyst support38-40. Despite the 
potential complications due to parasitic reactions of carbon against reactive oxygen species 
during long-term operation26,30, it offers advantages such as low cost, good ORR activity, 
and high surface area that are critical for high capacities28,38,41. Moreover, carbon is the 
most widely used and studied substrate material for many other reaction systems, where a 
variety of carbon materials have been developed through synthetic approaches with some 
being commercialized and massively produced (e.g., Vulcan carbon black)42. For Li-O2 
battery operation, a tunable and well-controlled porous structure would be ideal both to 
accommodate the reaction products and to investigate the reaction mechanisms36,43. Three-
dimensionally ordered mesoporous (3DOm) carbon was, therefore, chosen for this body of 
research.  It features a high surface area (ca. 1200 m2 g-1) and tunable mesoporosity, where 
interconnected spherical pores are formed during the colloidal crystal templating process 
(Figure 2-2)36. 3DOm carbon also features a variety of surface functional groups44, which 
serve as nucleation sites for metal precursors to adsorb and the synthesized nanocatalysts 
to anchor onto (Figure 2-3). Most importantly, unlike other carbon substrates whose 
overall structural uniformity and regularity are difficult to control, the highly ordered and 
well-defined structure of 3DOm carbon permits detailed mechanistic studies on the various 




Figure 2-3. (a) The C 1s XPS spectrum of the pristine 3DOm carbon cathode before 
loading electrocatalysts. Note the peak around 292 eV represents PTFE binder. (b) The 
Raman spectrum of the pristine 3DOm carbon before loading electrocatalysts. The 
prominent D band is indicative of the defective nature of the 3DOm carbon. 
Next, we evaluated which catalysts were suitable for this study. From the literature, 
ruthenium (Ru)-based catalysts appear to be one of the best for Li-O2 battery operation45,46. 
Our previous study as well as those by others have shown that Ru-based catalysts exhibit 
superior OER activity and suitable ORR activity46-48. Similarly, iridium (Ir) has been 
reported effective in facilitating discharge and recharge processes during Li-O2 battery 
operation49. In particular, the use of Ir has been shown to achieve one of the highest Li2O2 
yields, resulting in appreciably lower parasitic reactions50. We were, thus, guided to build 
an alloy system around these two elements while keeping in mind the potential concerns, 
including high cost. This led to the incorporation of transition metal elements which have 
been reported to exhibit limit activity towards ORR and OER in aprotic environments25,51. 
Taken as a whole, we chose to build this study around Ru-rich catalytic systems combined 
with Ir as well as non-catalytic metallic components to achieve both binary and 
multimetallic nanoparticle compositions. It is important to note that while Ru and Ir each 
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exhibits good activity as measured by low overpotentials, the combination of the two, in 
varying ratios, offer better performance (Figure 2-4). In the literature, multimetallic 
catalysts have been prepared by wet chemistry methods (such as WI)52,53. We report here 
that our CTS method is capable of forming highly dispersed nanoparticles beyond 
trimetallic compositions (up to 8 elements), independent of elemental immiscibility 
(Figure 2-1)35. 
 
Figure 2-4. On the top: Comparison of electrocatalytic performance between 
monometallic (Ru or Ir) and bimetallic (RuIr) nanoparticle-loaded cathodes using 3DOm 
carbon as the substrate. Note the cells were tested at two current densities: (a) 200 
mA/gcarbon and (b) 500 mA/gcarbon. At the bottom: Electrocatalytic performance comparison 
between numerous bimetallic (RuIr) compositions on 3DOm carbon supports. In Li-O2 
cells, each RuIr ratio (by precursor volume) exhibits similar overpotentials and terminal 
potentials at both current densities: (c) 200 mA/gcarbon and (d) 500 mA/gcarbon. 
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2.2.2 Characterizing the catalysts via CTS 
 
Figure 2-5. Synthesis and characterization of CTS-synthesized Ru-rich electrocatalysts. (a) 
Bare 3DOm carbon support used to load multiple metal salt precursors. (b) Precursor-
loaded 3DOm film emitting light during the electrically-triggered CTS process. (c) Ru-rich 
multimetallic nanoclusters uniformly decorating the 3DOm support, where the 3DOm 
structure is retained after <1 s exposure to high temperature. (d) HRTEM image of 
bimetallic RuIr nanoparticles, which are evenly dispersed and crystalline in nature (see the 
inset FFT pattern with [1-10] zone axis). (e) Particle size and (f) elemental distribution of 
the 2-3 nm solid solution RuIr particles on 3DOm. 
In a typical synthesis process, CTS was achieved by electrically-triggered Joule heating of 
the precursor-loaded carbon supports in an Ar-filled glovebox (Figure 2-5). Figure 2-5a 
shows the typical morphology of the 3DOm carbon34 before precursor loading. The bare 
3DOm carbon was then loaded dropwise with the desired (Ru and Ir) precursor salts in 
solution and undergoes brief exposure to high temperature due to the applied high current 
electrical pulse (Figure 2-5b). After CTS, nanosized particles evenly decorated the carbon 
substrate while the ordered 3DOm structure (i.e. templated carbon replica) was preserved, 
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as shown in Figure 2-5c. Note that the morphology and level of particle dispersion was 
highly reproducible between different samples and apparent throughout the 3DOm’s 
interconnected mesopores. The size and dispersion of the CTS-synthesized bimetallic 
nanoparticles on 3DOm is shown more clearly by high resolution imaging (Figure 2-5d). 
The prepared nanoparticles were predominantly 2-3 nm in diameter, evenly dispersed 
across the defective sites of the 3DOm carbon support and crystalline in nature (Figure 2-
5d with inset). Since the loaded 3DOm carbon support was exposed to high temperature 
for a short time (≤1 s), it provides temporal limitations to prevent nanoparticle 
agglomeration and coarsening that typically occurs with extended synthesis durations 
found in conventional methods (e.g. hours of reaction in furnaces). Consequently, a narrow 
particle size distribution and homogeneous mixing of elements (e.g. Ru and Ir) were 
achieved by the rapid CTS process, as shown in Figures 2-5e and Figure 2-5f. 
 
Figure 2-6. (a-b) TEM images of RuIr compositions on commercial Vulcan carbon using 
the same CTS parameters. 
Note that the same CTS process could be readily transferred to other carbon substrates 
such as on commercial Vulcan carbon black (Figure 2-6). Due to its limited surface area, 
however, relatively low battery performance was measured on Vulcan carbon compared to 
3DOm carbon supports with identical CTS electrocatalyst compositions (Figure 2-7). This 
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disparity in catalytic performance can be attributed to the better morphological control 
3DOm carbon enables36. The results further highlight the uniqueness of the 3DOm carbon 
as a study platform with the ease of monitoring potential morphological or compositional 
changes on a substrate with well-defined structures. 
 
Figure 2-7. (a-c) The electrocatalytic performance of the same bimetallic RuIr nanoparticle 
composition loaded onto a different cathode support (e.g., Vulcan carbon) compared to the 
bare support. The Li-O2 cells were tested at three current densities (100 mA/gcarbon, 200 
mA/gcarbon and 500 mA/gcarbon), where the nanoparticle-loaded Vulcan cathodes showed 
much improved performance compared to the bare Vulcan cathode. 
2.2.3 Comparing CTS and WI methods based on bimetallic catalyst composition 
To evaluate the effect of the synthesis methods (CTS vs WI) on nanoparticle formation and 
stability, we synthesized RuIr bimetallic nanoparticles of the same composition using the 
conventional WI method, where an identical precursor loading procedure but with a 
relatively slow thermal reduction process in a tube furnace transformed the metal salt 
precursors into nanostructured catalysts. Figure 2-8a and Figure 2-8b compare the as-
synthesized nanoparticles by CTS and WI methods in terms of size, shape, dispersion, and 
elemental composition through elemental mapping of high-angle annular dark field 
(HAADF) images. Despite slight particle agglomeration, the RuIr catalysts synthesized by 
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the WI method showed similar elemental distribution and size/shaped catalysts as the CTS 
method. The slow thermal reduction procedure used to synthesize the WI nanoparticles 
likely altered the defect level of the 3DOm carbon support (i.e. becomes more crystalline), 
which may promote particle agglomeration/coarsening due to prolonged exposure to high 
temperatures. X-ray photoelectron spectroscopy (XPS) revealed that the nanoparticle’s 
major elemental component, Ru, is metallic in nature (as shown by the yellow shaded 
region) after CTS synthesis whereas the Ru-rich WI nanoparticles were oxidized. This was 
evident by the shift to higher binding energies in the Ru 3d XPS spectra for the WI catalysts 
(Figure 2-8c). By design, both synthetic methods were expected to form bimetallic alloy 
nanoparticles; however, the formation of oxides instead of metals/alloys has been prevalent 
for wet chemistry approaches as reported in the literature46,48,54. This understanding has 
prompted us to propose another possible reason for the slight agglomeration observed for 
the as-prepared WI nanoparticles (Figure 2-8b), which is due to surface energy differences 
between these oxides and the CTS-synthesized alloy nanoparticles. 
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Figure 2-8. Nanoparticle stability comparison between the CTS and WI method. HAADF 
elemental maps of RuIr-loaded 3DOm fabricated by (a) CTS and (b) the conventional WI 
methods. (c) XPS Ru 3d spectra of the as-prepared cathodes by the respective CTS and WI 
methods. Compared to CTS, the nanoparticles prepared by the WI method were already 
oxidized and not as well distributed across the 3DOm surface, where slight agglomeration 
was present. The yellow shaded region corresponds to the binding energy of Ru metal. (d-
e) Schematics showcasing the disparate stability between CTS- and WI-synthesized RuIr 
nanoparticles before and after aprotic Li-O2 battery operation. (f) Cycling performance 
(tested at 200 mA/gcarbon or 0.2 mA/cm2) that compares the bimetallic Li-O2 battery 
cathodes via CTS and WI to bare 3DOm, where the trends correspond to reproducible 
datasets. The Y-axis dictates the terminal voltage upon discharge in each cycle, which 
showcases the cycling stability. The scanning transmission electron microscopy (STEM)-
EDS elemental maps of the cycled Li-O2 battery cathodes prepared by (g) CTS and (h) WI 
with corresponding (i) XPS Ru 3d spectra. After electrochemical cycling, the CTS-
synthesized nanoparticles remain (chemically, structurally) stable while severe elemental 
segregation and particle agglomeration plagues the WI nanoparticles, which limits the 
catalyst’s overall stability and results in the greatly reduced cycle life shown in (f). Note 
the yellow shaded regions in (c) and (i) correspond to the binding energy of metallic Ru. 
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To evaluate the catalytic activity and stability between CTS and WI nanoparticles, the 
as-prepared RuIr-based electrocatalysts on 3DOm carbon were electrochemically cycled 
within a Li-O2 configuration. Since the elemental composition of the as-prepared 
electrocatalysts by CTS and WI were nearly identical, we did not expect significant 
variations in the catalytic activity toward ORR/OER. Indeed, similar ORR and OER 
activity was observed during a single discharge and recharge cycle at a current density of 
200 mA/gcarbon (Figure 2-9). Only when the current density was increased to 500 mA/gcarbon 
did the CTS bimetallic nanoparticles show slightly better catalytic activity. It is important 
to note that single cycle characterization, as shown in Figure 2-9, mainly highlights the 
intended “catalytic” activity of the nanoparticles as measured by the overpotentials. 
Another key functionality of the catalyst, to promote intended chemical reactions and to 
minimize parasitic reactions, is best tested by cyclability. In this case, performance 
differences are likely attributed to catalyst agglomeration and decomposition, which would 
lead to cell failures over time due to the accumulation of inactive Li2O2 and other 
byproducts such as organic carbonates25,26,32,51. This mechanism is schematically 
represented in Figures 2-8d and Figure 2-8e for catalysts synthesized by each synthetic 
technique (CTS, WI). Indeed, a drastic difference in cycle life was observed between 
catalysts synthesized by CTS and WI. As shown in Figure 2-8f, the cell with CTS-
synthesized electrocatalysts (43 cycles) outlasted the WI-synthesized ones (29 cycles) with 
ca. 48% improvement in cycle life under the same testing conditions. Note that the 
observed trend was repeated for each composition at least three times. Without the presence 
of catalysts, the bare 3DOm carbon cathode lasted only 13 cycles under the same testing 
conditions with poor voltage stability (Figure 2-8f). 
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Figure 2-9. Electrocatalytic performance comparison between CTS and WI bimetallic 
(RuIr) nanoparticles on 3DOm carbon as well as the bare 3DOm Li-O2 battery cathode. 
The cells were tested at two current densities: (a) 200 mA/gcarbon and (b) 500 mA/gcarbon. 
To understand why the synthetic methods produce electrocatalysts with significantly 
variant cyclability, various microscopy and spectroscopy techniques were employed to 
characterize each Li-O2 cathode after 20 cycles of discharge/recharge (Figure 2-8a and 
Figure 2-8c). As can be seen from the HAADF images and corresponding elemental 
mapping, the morphology and elemental distribution of the cycled electrocatalysts 
synthesized by CTS and WI differed greatly (Figure 2-8g and Figure 2-8h). The CTS-
synthesized nanoparticles remained dispersed on the 3DOm surface without obvious 
agglomeration or signs of elemental segregation (Figure 2-8g). However, the catalysts 
prepared by WI exhibited severe particle agglomeration and element segregation upon 
cycling (Figure 2-8h). Specifically, the WI-nanoparticles tended to form Ru-rich 
agglomerates on the order of tens of nanometers, which severely limited the performance 
of the cathode30. 
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Chemical stability of the electrocatalysts upon cycling is another important aspect 
related to long-term Li-O2 battery operation. Notably, the Ru 3d spectra showed no change 
in the oxidation state for the cycled CTS cathode whereas severe and continuous oxidation 
occurred for the WI cathode (Figure 2-8i). The resulted agglomeration and decomposition 
of the WI electrocatalyst reduced the overall density of active sites and catalytic activity of 
the cathode, eventually leading to decay in the Li-O2 battery performance30 (Figure 2-8f). 
During electrochemical cycling, the high energy surfaces of the chemically unstable WI 
nanoparticles facilitate the formation of agglomerates in order to reach a lower energy state. 
Unlike WI, the CTS electrocatalysts exhibited better chemical stability not only due to their 
high entropy nature (e.g., solid solutions) but also from enhanced catalyst/substrate 
interactions since the brief (<1 s) synthesis preserves the surface defects on 3DOm35. This 
is further indication that the synthetic method greatly influences the overall stability of the 
as-prepared catalysts both before and after electrochemical operation. 
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2.2.4 Li-O2 batteries with multi-metallic catalyst via CTS 
 
Figure 2-10. Characterization and stability of CTS-synthesized multimetallic (4- and 8-
element) nanoparticles on 3DOm carbon. (a,c) HRTEM and (b,d) STEM-HAADF images 
with elemental overlay maps of the as-prepared RuIrCeNi and RuIrCeNiWCuCrCo 
nanoparticles via CTS, respectively. (e) XPS Ru 3d spectra for both multimetallic 
nanoparticle compositions directly after synthesis. (f) Long-term Li-O2 demonstration of 
the CTS-synthesized RuIrCeNi (blue curve) and RuIrCeNiWCuCrCo (orange curve) 
3DOm cathodes. Y-axis showing terminal voltage upon discharge in each cycle is used to 
demonstrate the cycling performance. (g) XPS Ru 3d spectra for the 4- and 8-element 
nanoparticle compositions, which remain metallic in nature (yellow shaded region) even 
after electrochemical cycling. Post-analysis (h,j) HRTEM and (i,k) STEM-HAADF images 
with elemental overlay maps of the cycled RuIrCeNi and RuIrCeNiWCuCrCo 
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nanoparticle-decorated 3DOm upon Li-O2 operation, respectively. Both CTS-synthesized 
4- and 8-element nanoparticles remain well-dispersed on the 3DOm carbon and exhibit 
exceptional structural and chemical stability after Li-O2 operation. Note that each inset FFT 
pattern, which was taken from the areas boxed in red (a,c,h,j) and has a [1-10] zone axis, 
verifies the crystallinity of the aforementioned nanoparticles prepared by CTS both before 
and after electrochemical cycling. 
The extended capabilities of the CTS method arise when multiple elements are combined 
to form solid solution nanoparticles. In sharp contrast to the conventional WI method which 
is generally limited to up to 3 components within individual nanoparticles, the CTS method 
permitted the synthesis of electrocatalysts with significantly richer compositions (Figure 
2-10a and Figure 2-10d). Specifically, non-noble, catalytically inactive elements (e.g., Ni, 
Ce, among others) were added to the RuIr alloy. Figure 2-10a and Figure 2-10b showed 
the uniform size and dispersion of RuIrCeNi nanoparticles fabricated on 3DOm carbon via 
CTS. These CTS-synthesized quaternary electrocatalysts were crystalline in nature (Figure 
2-10a, inset) and similar to RuIr (Figure 2-8) fabricated using the CTS method in terms of 
particle size, dispersion as well as elemental distribution. To further demonstrate elemental 
complexity, we introduced additional non-catalytic components (W, Cu, Cr, Co) into the 
quaternary composition to form octonary solid solution nanoparticles, while controlling the 
amount of Ru to ca. 76 at% in the final composition. The HRTEM and STEM-HAADF 
images shown in Figure 2-10c and Figure 2-10d depict uniformly sized particles and 
distributions on the carbon support, while the overlay/individual maps (Figure 2-10d) 
provide strong evidence for the elemental distribution of these octonary nanoparticles 
composed of excess amounts of Ru and the existence of the other seven elements. It is 
important to note that both the CTS-synthesized quaternary (RuIrCeNi) and octonary 
(RuIrCeNiWCuCrCo) compositions were metallic in nature, as expected by design (Figure 
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2-10e). Through incorporation of these non-catalytically active elements (typically 3-4 
at%), we expect minimal influences in terms of electrocatalytic performance, but more 
profound impacts on the catalyst’s stability. Indeed, adding additional elements into the 
Ru-rich nanoparticles via CTS did not dramatically change the catalytic activity (and 
overpotential) for either 4- or 8-element compositions compared to the original bimetallic 
electrocatalyst (Figure 2-11). 
 
Figure 2-11. Electrocatalytic performance of binary (red), ternary (green), quaternary (blue) 
and octonary (orange) nanoparticles on 3DOm carbon cathodes. Note all aforementioned 
electrocatalysts were synthesized by the CTS method and tested in Li-O2 battery 
configurations at two different current densities: (a) 200 mA/gcarbon and (b) 500 mA/gcarbon. 
Interestingly, while the catalytic activity remains comparable, the CTS quaternary and 
octonary electrocatalysts enabled their respective Li-O2 cells to reach 58 cycles and 86 
cycles (Figure 2-10f). Intuitively, since the main catalytic component among all binary 
(CTS or WI), quaternary and octonary nanoparticles is Ru and the same carbon support 
was employed for all electrochemical measurements, the reaction mechanism and 
associated discharge products should be nearly identical upon cycling for each 3DOm 
cathode regardless of nanoparticle composition28,55. Accordingly, there should be no 
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obvious differences in product formation and detection between the cycled cathodes from 
Scanning Electron Microscopy (SEM) and XPS post-analysis. This is confirmed in Figure 
2-12 and Figure 2-13. Therefore, given that the test cells were identical in other 
components and the only difference was the cathode catalyst compositions, we were led to 
conclude the nature of the CTS electrocatalysts was the main reason for the enhanced 
cycling performance. The difference could be attributed to the following factors: (1) 
enhanced catalyst/substrate interactions due to the CTS method, where the short synthesis 
time (<1 s) preserved defective sites on the support that aided nanoparticle anchoring; (2) 
the incorporation of more catalytically inert elements into individual nanoparticles led to 
slight reductions in overall Ru content, which lessened parasitic chemical reactions 
inevitable to highly reactive Ru25,26,30; (3) nanoparticles composed of more elements (8-
element vs 4- or 2-elements) featured higher configurational entropy (and, thus, lower 
Gibbs free energy), leading to enhancements in overall catalyst stability35. Thus, the 
prolonged Li-O2 cyclability shown in Figure 2-10f suggests improved chemical and 
structural stability of the CTS-synthesized multimetallic electrocatalysts. 
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Figure 2-12. SEM images showing the discharge product morphologies (e.g., Li2O2) upon 
deep discharge for each Li-O2 cathode: (a) bare 3DOm carbon, (b) WI RuIr, (c) CTS RuIr, 
(d) CTS RuIrCeNi, and (e) CTS RuIrCeNiWCuCrCo nanoparticle-decorated 3DOm 
carbon, respectively. Note the cells were discharged at 200 mA/gcarbon with a cutoff 
capacity of 3,000 mAh/gcarbon. Typical Li2O2 toroidal structures are observed across all 
tested samples with similar size/shape. Scale bar: 500 nm. 
 50 
 
Figure 2-13. (a-e) The Li 1s XPS spectra for all 3DOm cathodes (bare to 8-element) in the 
discharged (solid line) and recharged (dashed line) states, corresponding to successful 
Li2O2 formation and decomposition respectively. The cells were discharged and then 
recharged at 200 mA/gcarbon with a 500 mAh/gcarbon cutoff capacity. The peak around 55 eV 
indicates the presence of Li2O2 particles on all discharged 3DOm cathodes regardless of 
nanoparticle (elemental) composition. 
To verify this hypothesis, various characterization techniques were employed on 
cycled quaternary and octonary nanoparticle-decorated 3DOm supports (Figure 2-10g and 
Figure 2-10k). Figure 2-10g verified that the 4- and 8-element electrocatalysts retained 
their metallic nature without changes in oxidation states after Li-O2 operations. The results 
should be contrasted with those by WI-synthesized binary electrocatalysts, which suffered 
from significant oxidative degradation upon 20 electrochemical cycles. Beyond chemical 
stability, overall catalyst stability also depended on the nanoparticles’ size, structure, and 
dispersity upon cycling. Compared to the original morphology, the particle size and 
elemental distribution of the 4- and 8-element compositions (Figures 2-10a and Figure 2-
 51 
10d) and the cycled samples showed no measurable differences (Figure 2-10h and Figure 
2-10k). Specifically, both quaternary and octonary nanoparticles remained crystalline, 2-3 
nm in diameter and evenly distributed across the 3DOm surface without obvious signs of 
aggregation after electrochemical cycling. These results support the outstanding structural 
and chemical stability of the CTS-synthesized electrocatalysts in comparison to 
electrocatalyst compositions fabricated by conventional wet chemistry approaches (such 
as WI). Lastly, although not further exploited by this current study, the ability to include 
inexpensive transition metals also opened the door to reduce the overall cost of 
electrocatalysts whose active elements are noble metals. 
2.3 Conclusions 
In summary, we explored the overall stability of multimetallic catalysts (nanoparticles ca. 
2-3 nm in diameters) supported on a substrate through Li-O2 demonstrations. Ru-rich solid 
solution nanoparticles in 2-, 4- and 8-element compositions were fabricated on a 
mesoporous support (e.g., 3DOm carbon) by the rapid CTS method to determine the extent 
of nanoparticle agglomeration, elemental segregation, and catalytic stability before and 
after electrochemical cycling. Unlike nanoparticles fabricated using the conventional WI 
method, the CTS-synthesized nanoparticles exhibited significantly better particle 
dispersion and no obvious signs of agglomeration and elemental segregation before or after 
cycling in Li-O2 cells. In terms of electrochemical performance, the 8-element CTS 
electrocatalyst composed mainly of Ru with trace amounts of the other seven elements 
showed improved cycling stability (86 cycles) at 200 mA/gcarbon compared to the 4- (58 
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cycles) and 2-element (43 cycles) CTS electrocatalysts at the same rates. Due to the high 
Ru content and low percentage of predominantly non-catalytic elements (e.g., Ce, Ni), the 
overall catalytic activity of 4- and 8-element compositions towards ORR/OER was 
maintained, whereas the overall (structural and chemical) stability was enhanced due to the 
high configurational entropy of said nanoparticles, which led to prolonged Li-O2 operations 
of the reported air cathodes. The chemical nature of the nanoparticles fabricated by CTS 
and WI also differed, the former showing no signs of oxidation before or after 
electrochemical cycling while the latter became oxidized upon synthesis and continually 
proceeded during Li-O2 operation. Overall, the history of the synthesis method (e.g., 
reduction time) dramatically influenced the catalyst/substrate interactions and the inherent 
stability of the catalyst, which significantly affected the effectiveness of the nanoparticles 
under long-term catalytic reactions. 
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Chapter 3 Dual Redox Mediators for Mg-O2 Batteries 
Rechargeable Mg-O2 battery features high volumetric energy density, good safety and low 
cost1,2. The theoretical volumetric capacity of Mg-O2 battery can be up to 6264 Wh/L based 
on the formation of MgO (or 4762 Wh/L based on the formation of MgO2)3. It is much 
higher than that of Li-O2 batteries (3460 Wh/L)4. Mg is much more abundant on the crust 
of Earth and, hence, is much less expensive than Li5. Furthermore, Mg does not face the 
challenges associated with dendritic growth upon platting and is therefore safer than Li. 
Plus, Mg is much cheaper than Li5. For these reasons, Mg-O2 batteries have been proposed 
as a candidate for post-Li-ion energy storage applications. However, due to the 
complexities of the chemical reactions during both discharge and recharge, existing 
demonstrations of Mg-O2 operation suffer low Coulumbic efficiency and poor cyclability6. 
To date, the advantages of Mg-O2 batteries remain untapped, and the demonstration of 
rechargeable Mg-O2 operations beyond 5 cycles remains elusive7. 
As discussed above, two critical issues are responsible for the slow progress. First, the 
round-trip efficiencies of the existing Mg-O2 batteries are unreasonably low (typically 
<50%) due to the low discharge and high recharge potentials. For example, Shiga et al. 
recently reported discharge plateaus at ca. 1.2 V (vs. Mg2+/Mg; unless noted, all voltages 
reported in this Communication are relative to Mg2+/Mg), which is significantly lower than 
the 2.95 V expected from Mg  MgO conversion or 2.91 V from Mg  MgO2 conversion7. 
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It was later found that superoxide formation (which features an equilibrium potential of 
2.04 V) may be responsible for the low discharge potential8. Another factor that may 
contribute to the low potentials is the passivation effect on the Mg anode, which increases 
the potential of the counter electrode and decreases the measurable cell voltage when tested 
in a two-electrode configuration9. Second, the cyclability of existing Mg-O2 batteries is too 
poor due to the difficulties in decomposing MgO and/or MgO2, which are produced by the 
strong interaction between Mg2+ and superoxide8. 
In this chapter, strategies to develop effective catalyst is demonstrated in a distinct 
manner than that in the previous chapter. We here introduce an approach that is specifically 
designed to address the additional challenges associated with metal-oxygen batteries 
featuring divalent cation. In the prototypical Mg-O2 battery system, we show that in 
addition to activity and stability, catalyst is also powerful in manipulating cell operation 
principals. To promote the formation of MgO and MgO2, which are desired for high 
discharge potentials, we used 1,4-benzoquinone (BQ) as a redox mediator that facilitates 
O2 reduction to circumvent superoxide formation. An overpotential reduction of 300 mV 
was measured. To decompose the oxides during recharge, we employed 5,10,15,20-
tetraphenyl-21H,23H-porphine cobalt(II) (Co(II)TPP) and measured a recharge 
overpotential decrease up to 300 mV. Importantly, the two redox pairs are compatible in 
the same DMSO-based electrolyte. These results prove the efficacy of adopting dual redox 
mediators to enable rechargeable Mg-O2 battery operations and open up a new door toward 
further development of this promising electrochemical energy storage technology6. 
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Figure 3-1. Schematic illustration of Mg-O2 batteries with dual RMs. Red: RMs featuring 
higher redox potentials for recharge; Blue: RMs featuring lower redox potentials for 
discharge. 
3.1 Methods 
3.1.1 Materials preparation 
Mg(ClO4)2 (ACS reagent grade), MgCl2 (ACS reagent grade), LiClO4 (battery grade), 1,4-
benzoquinone (BQ, ≥99.5%), 5,10,15,20-tetraphenyl-21H,23H-porphine cobalt(II) 
(Co(II)TPP, ≥85%), tetrabutylammonium hexafluorophosphate (TBAPF6, ≥99.0%), 
ferrocene (Fc, 98%), magnesium peroxide complex (MgO2xMgO, MgO2, 24-28%), 
dimethyl sulfoxide (DMSO, anhydrous grade), 1,2-dimethoxyethane (DME, anhydrous 
grade), N,N-dimethylacetamide (DMA, anhydrous grade) were purchased from Sigma-
Aldrich. Mg(TFSI)2 was purchased from Solvionic and dried for 2 days at 240 °C  under 
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vacuum. All solvents were further dried by 4Å molecular sieves prior to use. Mg ribbon 
(≥99%, trace metals basis, Sigma-Aldrich) was polished with a blade and sand paper to 
remove the surface oxidation layer before use. Carbon paper (Toray 120) cathode was 
purchased from the Fuel Cell Store and cleaned by acetone, methanol and isopropanol 
sequentially, then dried under vacuum at 120 °C  overnight before use. 
3.1.2 Materials characterization 
Scanning electron microscopy (SEM) images were taken on a JEOL 6340F microscope 
operating at 10 kV and 20 kV, equipped with an energy-dispersive X-ray spectroscopy 
(EDS) detector. X-ray diffraction (XRD) measurements were performed on PANalytical 
X’Pert Pro diffractometer with Cu Kα radiation. X-ray photoelectron spectroscopy (XPS) 
was performed using a K-Alpha XPS (Thermo Scientific) with an Al X-ray source (incident 
photon energy 1486.7 eV). Cathode and anode samples were discharged and/or further 
fully recharged to 1 mAh/cm2 for SEM, EDS, XRD and XPS measurements. All the 
extracted electrode samples after testing were soaked with DMSO for overnight to remove 
the salts, then washed at least 5 times using acetone and isopropanol sequentially, and 
finally dried under vacuum at room temperature for 24 hours prior to the characterizations. 
Pressure monitoring test was carried out by connecting the Swagelok type cell to an airtight 
pressure gauge with a sensitivity of 0.1 torr (MKS, 902B Piezo). Li with pretreated surface 
by soaking in LiNO3/DMA (0.1 M LiClO4 in DMA) solution for 24 hours was applied as 
counter electrode to avoid possible parasitic reactions with electrolyte and RMs. Carbon 
paper was preloaded with excess amount (over 5 mg) of the magnesium peroxide complex 
as cathode, the loading was examined by a microbalance (Sartorius, CPA2P). LiClO4/DME 
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(0.1 M LiClO4 in DME) with or without 2 mM Co(II)TPP were utilized as the electrolyte. 
Celgard 2400 films were utilized as the separator. The measurement was conducted in an 
isothermal chamber. A pressure baseline in the resting stage was obtained and subtracted 
to extract the absolute pressure change profile. 
3.1.3 Electrochemical characterization 
All electrochemical tests were carried out using a home-designed electrochemical cell with 
three-electrode configuration. The cell was equipped with two glass chamber connected by 
a glass frit (fine grade; thickness: 2 mm; diameter: 1 cm; pore diameter: 4 μm). The glass 
frit was applied to minimize the possible crossover of the redox mediators (RMs) and 
anions. 0.1 M Mg(TFSI)2 and 0.1 M Mg(ClO4)2 were dissolved in DMSO as catholyte and 
anolyte respectively (Mg(TFSI)2/DMSO, Mg(ClO4)2/DMSO). 0.1 M TBAPF6 was 
dissolved in DMSO as supporting electrolyte for control experiments (TBAPF6/DMSO). 
For cyclic voltammetry (CV) measurements, 2 mM of redox species was applied in the 
catholyte. For galvanostatic cycling test, the concentration of BQ and Co(II)TPP in the 
catholyte were optimized to be 50 mM and 5 mM respectively. Two polished Mg ribbons 
were immersed into the anolyte as the counter and pseudo reference electrode respectively. 
Pt wire (d=0.25 mm) was used as working electrode for the standard CV tests. Carbon 
paper was placed into the catholyte as the working electrode for galvanostatic cycling 
measurements. The immersed area was confined to 1.0 cm2 in this study. The volume of 
the catholyte and anolyte were both 2 mL. The cell was capped with rubber stopper and 
further sealed with vacuum grease after assembly. For the CV measurement, scan rate was 
confined to 25 mV/s. For the galvanostatic cycling measurements, the current densities 
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were confined to 0.02 mA/cm2 for both discharge and recharge. The absolute capacity was 
limited to 0.06 mAh (operating for 3 hours). All electrochemical tests were performed in 
Ar-filled (Mbraun, O2 and H2O <0.1ppm) or Ar-filled/O2-tolerant glovebox (Mbraun, H2O 
<0.1ppm) at room temperature. Customized Swagelok type cells were used for two-
electrode tests and were assembled in the glove box with excess piece of polished Mg 
ribbon as the anode, carbon paper of 1.0 cm2 area as cathode and glass microfiber (GF/F, 
Whatman) as separator. The assembled cells were all studied by the potentiostats (VMP3, 
Biologic) with a program (GPCL-2) to monitor the potentials of both working and counter 
electrode using the three-electrode configuration. Since a more accurate and stable voltage 
profile can be provided for the voltage between the working and counter electrode (Ewe-
Ece), the voltage profile of working electrode was then extracted by taking into account the 
passivation of Mg pseudo reference electrode and the averaged potential required to drive 
the anode chemistry in the discharge and recharge steps. 
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3.2 Results and discussions 
3.2.1 Operation principal of dual redox mediators 
 
Figure 3-2. Operation principles of dual RMs. Red: RMs featuring higher redox potentials 
for recharge; Blue: RMs featuring lower redox potentials for discharge. 
To demonstrate the strategy of employing dual redox mediators, our design is 
schematically summarized in Figure 3-2. For the discharge process, we seek to promote 
the conversion to oxide and peroxide while limiting the formation of superoxide. A redox 
mediator (RM) is introduced specifically for this purpose. Under reducing conditions, the 
RM would be reduced first; it then transfers the electron to dissolved O2 to form oxide (or 
peroxide), recovering itself to the oxidized form in the process. For recharge, we seek to 
reduce the overpotentials by including another RM with favorable kinetics for oxidation. 
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Under oxidizing conditions, the RM would be oxidized first, then extracts electrons from 
the oxides (or peroxide) to yield O2 and recover itself to the reduced form. The strategy is 
inspired by research on Li-O2 batteries, where RMs have been separately introduced to 
promote O2 reduction (discharge) or evolution (recharge)3,10. It is important to note, 
however, that the introduction of two RMs to simultaneously address both discharge and 
recharge issues has not been reported for Mg-O2 batteries in the literature, to the best of 
our knowledge. The beauty of adopting this concept in Mg-O2 battery system lies in the 
critical mismatch of the redox potentials of the RMs and the oxygen species. The unique 
relationship of redox potentials does not exist for Li-O2 battery system. That is, in Li-O2 
batteries, the discharge RMs are of lower redox potentials compared to that of superoxide 
formation. In this case, the use of discharge RM is only targeted at improving the rate 
performance due to the fast kinetics of RMs rather than improving the output voltage. The 
role of the RMs to improve discharge voltage in Mg-O2 battery system is unique to 
manipulate the electrochemical system. Importantly, on a system level, the discharge and 
recharge RMs do not interference with each other: When the discharge RM is reduced, it 
will not be oxidized by the recharge RM which resides in the reduced stage during 
discharge; When the recharge RM is oxidized, it will not be reduced by the discharge RM 
which remains in the oxidized form during recharge. We show in the following discussions 
that such a strategy is powerful in solving problems in the complex system of Mg-O2 
batteries, and can generate important implications on the design principal of efficient 
catalysts for metal-oxygen batteries. 
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3.2.2 Screening dual redox mediators 
Before carrying out electrochemical studies, our first task is to establish a reliable study 
platform to minimize the influence from all possible confounding factors specific to the 
Mg-O2 battery system. It is well agreed upon that the passivation of Mg anode led to 
unreliable measurement on the discharge and recharge voltage (defined as the potential 
difference between working and counter electrodes, Ewe-Ece), when the 2-electrode 
configurations were utilized. The reason lies in the passivation on the Mg anode where a 
stable and conductive natural SEI cannot be established through plating and stripping. In 
order to exclude possible influence by the passivation effect of the Mg anode, which would 
make it difficult to measure the potential of the working electrode accurately, in this study 
we performed all electrochemical experiments in a three-electrode configuration (Figure 
3-3) within an electrochemical cell setup, in which a Mg pseudo reference electrode was 
present close to the working electrode. The utility of this three-electrode experimental 
design will be further discussed in this chapter. The two chambers in the electrochemical 
cell is separated by a glass frit membrane (fine grade; thickness: 2 mm; diameter: 1 cm; 
pore diameter: 4 μm), whose role will be further discussed in the following sections. The 
use of glass frit is not ideal for separating the desired analyte and catholyte, which is the 
main reason to limit long cyclability. However the discussion on this aspect is beyond the 
scope of this proof-of-the-concept study. 
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Figure 3-3. Home-designed electrochemical cell for three-electrode measurements. 
 
Figure 3-4. Cyclic voltammetry (CV) of various analytes with supporting salt of TBAPF6. 
(a) Calibration of pseudo Pt wire reference electrode using 5 mM Fc. (b) TBAPF6/DMSO 
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with saturated O2. (c) 2 mM BQ in TBAPF6/DMSO in Ar. (d) 2 mM BQ in TBAPF6/DMSO 
with saturated O2. 
Before the search for the dual RMs, we first identified dimethyl sulfoxide (DMSO) as 
the solvent for this study as it has been previously reported to work well for the Mg-O2 
system11. We then researched the literature for redox pairs that are compatible with DMSO 
(see Table 3-1 for a comprehensive list of redox pairs examined) and found 1,4-
benzoquinone (BQ) suitable as the discharge RM for this proof-of-the-concept 
demonstration12-14. When tested in DMSO with supporting salt of tetrabutylammonium 
hexafluorophosphate (TBAPF6, 0.1 M) by cyclic voltammetry (CV), BQ exhibited two 
distinct redox peaks that correspond to the two consecutive single-electron transfer 
processes producing mono- and di-anions, respectively (Figure 3-4). 
Table 3-1. Potential redox mediators (RMs) from the literature. 















The presence of strong Lewis acids such as Mg2+, however, altered the 
electrochemical behavior of BQ significantly15,16. As shown in Figure 3-5a (dash line; 
measured in Ar), the two peaks corresponding to the two single-electron transfer steps 
merged into one broad peak in both the cathodic and the anodic scans when characterized 
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in Mg(TFSI)2/DMSO electrolyte (Mg(TFSI)2 in DMSO, 0.1 M). Two features of the CV 
as shown in Figure 3-5a are worth noting. First, the single pair of broad redox peaks are 
highly reproducible (the same feature was observed every time for a total of >10 different 
samples). Second, in the cathodic scan the reduction peak takes off (ca. 2.3 V) earlier than 
the oxygen reduction reaction (ORR) potential (ca. 2.0 V), as shown in Figure 3-5c (solid 
trace, measured with O2). To prove that the electron transfer from reduced BQ to O2 is fast 
and effective, we carried out CV scans of BQ in the presence of O2 and observed a nearly 
complete suppression of the anodic peak, which strongly supports that the reduced BQ is 
readily oxidized by O2. The reduced O2 then binds with Mg2+ to form MgO or MgO2. Note 
that here the formation of superoxide is unlikely, given the relatively low reduction 
potential needed for the reactions to take place. It is further noted that we do not know 
whether the product is oxide or peroxide yet. More research is needed to further understand 
the details of the reduction chemistry. As far as the electrochemical potentials are 




Figure 3-5. Cyclic voltammetry (CV) measurements. (a) 2 mM BQ in Mg(TFSI)2/DMSO 
electrolyte. (b) 2 mM Co(II)TPP in Mg(TFSI)2/DMSO electrolyte. (c) RM-free 
Mg(TFSI)2/DMSO electrolyte. (d) 2 mM BQ and 2 mM Co(II)TPP in Mg(TFSI)2/DMSO 
electrolyte. The concentration of Mg(TFSI)2 in all tests was 0.1 M. 
In choosing the RM to facilitate recharge, we turned our attention to transition metal 
complexes. In particular, we examined organometallic compounds with macrocyclic 
ligands, as they have been shown to be catalytically active toward oxygen evolution 
reactions (OER) by peroxide in non-aqueous solution14,17,18. Moreover, the redox potentials 
of these complexes can be readily tuned by modification of the ligands. Within this context, 
since 5,10,15,20-tetraphenyl-21H,23H-porphine cobalt(II) (Co(II)TPP) was previously 
found effective in promoting Li-O2 recharge17, we hypothesize that it is a good candidate 
to serve as the recharge RM for Mg-O2 batteries. When tested in the Mg(TFSI)2/DMSO 
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electrolyte, Co(II)TPP exhibited two groups of redox peaks at 2.8 V and 1.6 V, 
corresponding to the conversion of Co(II)  Co(III) and Co(I)  Co(II), respectively 
(Figure 3-5b, dash line; measured in Ar). Once O2 was introduced to the system, we see 
that the conversion between Co(I)  Co(II) was completely suppressed. This is because 
the potential (ca. 1.6 V) is lower than O2 reduction and, as such, the reduction of Co(II) to 
Co(I) is replaced by O2 reduction. Important to our purpose, the redox feature of Co(II)  
Co(III) was unperturbed by the presence of O2. Finally, it is of critical importance that the 
BQ redox pair and the Co(II)TPP redox pair should be compatible with each other.  This 
is indeed what we observed (Figure 3-5d). Taken as a whole, this portion of the study sets 
the stage for us to test the idea as presented in Figure 3-2, the result of which will be 
presented next. 
3.2.3 Employing dual redox mediators for Mg-O2 battery operations 
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Figure 3-6. Cyclic voltammetry (CV) to calibrate the Mg ribbon as the pseudo reference 
electrode. 
Before carrying out battery analyses, a system-level optimization is needed. As discussed 
previously, the electrochemical potential of the Mg anode tends to be altered by the 
passivation on the surface as a result of parasitic chemical reactions between the anode, the 
electrolyte and the oxygen species11,19. Thus it is unreliable to measure the cathode 
potentials solely based such an electrode. We therefore introduced a calibrated Mg pseudo 
reference electrode to mitigate this potential influence (Figure 3-6). Additionally, it has 
been previously shown that greater overpotentials were observed when TFSI- was used in 
the electrolyte for the stripping of Mg20. It could be due to the formation of MgF2 species 
that passivate the anode surface. Unlike its counterpart with Li, MgF2 may be ionically 
insulating to support high current. To address this issue, we employed Mg(ClO4)2 as the 
supporting salt for the Mg anolyte after screening (Figure 3-7). 
 
Figure 3-7. Screening solvent and salt for desired Mg anode operation in a home-designed 
electrochemical cell. 
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Unfortunately, Mg(ClO4)2 was found to be not a good choice for the cathode reactions 
because of the poor reversibility of BQ in the presence of Mg(ClO4)2. The use of Mg(ClO4)2 
results in poor reversibility of the BQ species (Figure 3-8). Possible reason may be the 
impurities in Mg(ClO4)2 that may induce the decomposition of BQ in its oxidized form. 
Compared to the redox feature shown in Figure 3-5a, we consider the salt Mg(ClO4)2 not 
suitable for the cathode chemistries. As such, we separated the anolyte (Mg(ClO4)2 in 
DMSO, 0.1 M) from the catholyte (Mg(TFSI)2 in DMSO, 0.1 M) using a glass frit. The 
glass frit is shown in Figure 3-3, where the separation effect was found to be reliable within 
the testing time window. For future optimizations, this frit needs to be replaced by Mg2+-
conductive membranes. Some developments have already been made along this direction, 
but much more efforts are needed comparing with the fast development in the Li metal 
field. 
 
Figure 3-8. Cyclic voltammogram (CV) of BQ as discharge RM in Mg(ClO4)2/DMSO. 
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Under limited capacity conditions (0.06 mAh absolute capacitys, the effect of BQ in 
reducing the discharge overpotentials was obvious (Figure 3-9). The discharge plateau was 
increased from 1.9 V to 2.2 V, corresponding to an overpotential reduction of 0.3 V. The 
effect of Co(II)TPP on the recharge was not as pronounced for the first cycle, but more so 
for the subsequent cycles. For instance, the recharge plateau potential was decreased from 
3.0 V to 2.7 V, corresponding to a 0.3 V reduction of the overpotentials. Note that the 
recharge plateau potentials for the first cycle are lower than 2.95 V expected from MgO  
Mg2++1/2 O2 (or 2.91 V for MgO2  Mg2++O2). This observation is consistent with other 
literature reports8, although the underlying mechanisms for the deviation from the 
thermodynamic equilibrium potentials are not fully understood to date.  Solvation effect 
by the solvents may be an important reason1,2,19. That the first recharge cycle features low 
overpotentials has also been frequently reported by other researchers. More research is 
needed to fully understand the phenomenon. 
 
Figure 3-9. Galvanostatic cycling with and without RMs. Each discharge and charge step 
was maintained for 3 h with a limited capacity of 0.06 mAh/cm2. (a) The voltage profile of 
the working electrode (Ewe) as measured against the Mg pseudo reference electrode. (b) 
The voltage profile of the working electrode as measured against the counter electrode 
(Ewe-Ece) in a two-electrode configuration. 
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To illustrate how the passivation effect on the Mg anode may influence the 
measurements21, we also present in Figure 3-9b the potentials between the working 
electrode (carbon paper) and the counter electrode (Mg ribbon) for the same set of 
experiments as shown in Figure 3-9a. As can be seen, the round-trip efficiencies would be 
significantly under-estimated when a two-electrode configuration was used. This is 
because the passivation on the Mg counter electrode would artificially increase its potential. 
Additionally, we note that the iR drop across the glass frit separator was not accounted for 
in the data presented here. As such, the performance as reported here represents the lower 
bound of what is achievable. As mentioned above, the inevitable crossover the catholyte 
with anolyte was an important reason why we could not test the cells longer than 3 cycles. 
Future research will be directed toward addressing these engineering issues. As discussed 
above, the glass frit needs to be replaced by Mg2+-conductive membranes or solid state 
electrolytes. 
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3.2.4 Product detection 
 
Figure 3-10. SEM images of the carbon paper working electrode (cathode). (a) After 
discharge without BQ and Co(II)TPP. (b) After full recharge without BQ and Co(II)TPP. 
(c) After discharge with BQ and Co(II)TPP. (d) After full recharge with BQ and Co(II)TPP. 
Next, we studied the influence of the RMs on the discharge and recharge products using 
SEM (scanning electron microscopy), EDS (energy dispersive X-ray spectroscopy), and 
XPS (X-ray photoelectron spectroscopy). In Figure 3-10, we compared the cathodes in 
discharged and charged states with and without the dual RMs. Comparing Figure 3-10a 
 76 
and Figure 3-10c, we see that while solid products were both observed, the presence of the 
RM (BQ for discharge) had an obvious influence on the product morphology. Large (ca. 
10 μm) particles were observed in the absence of BQ8, whereas small (with feature sizes 
<200 nm), more uniformly distributed particles were observed with the presence of BQ. 
We understand the difference as a result of the homogeneity of BQ in the solution. When 
serving as a RM, it would produce MgO (or MgO2) more uniformly in the solution, which 
would then precipitate out onto the carbon paper to yield the well-dispersed, small particles 
as seen in Figure 3-10c. Using EDX, the composition of the discharged product were 
confirmed to be Mg oxide mixtures (Figure 3-11). The strong carbon signal and relatively 
weak O and Mg signals were due to the well dispersed morphology of the small particles 
in the RMs-contained cell, which reduced the signal from the solid product. The absence 
of other signals (such as F, Cl and S) strongly support that the cathode chemistry proceeded 
with the proposed reaction route during discharge to form Mg oxide mixtures rather than 
going through any parasitic chemical reactions. 
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Figure 3-11. SEM images and EDS spectra of the carbon paper cathodes after deep 
discharge. (a) Carbon paper cathode after discharge to 0.2 mAh/cm2 in RMs-free 
electrolyte. (b) Carbon paper cathode after discharge to 0.2 mAh/cm2 in RMs-contained 
electrolyte. 
In addition to the microscopy characterizations, XPS spectra revealed that the solid 
discharge products contained no measureable F signal (Figure 3-12), supporting that the 
product was not due to the decomposition of Mg(TFSI)2 or its residues. Upon recharge, the 
Mg 1s signal was not detected by XPS (Figure 3-12a), supporting that the removal of MgO 
(or MgO2) was complete. The residual O 1s signal (Figure 3-12b) may be ascribed to the 
oxidation of the carbon paper cathode (Figure 3-11), which is common for metal-oxygen 
batteries1,22,23. In principle, the amount of MgO2 in the discharge products could be 
quantified by methods such as idometric titration24. The relatively small quantity in our 
experiments, however, made this task difficult. As the focus of the proof-of-the-concept 
work was to examine the effectiveness of RMs in promoting ORR and OER, and as far as 
the equilibrium potentials are concerned, the conversion Mg2+ + O2  MgO or MgO2 are 
close (2.95 V vs. 2.91 V)11, we therefore chose not to further identify the detailed 
composition of the product. 
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Figure 3-12. XPS spectra of the as-prepared carbon paper cathode (black traces), the 
carbon paper cathode after discharge in the electrolyte with BQ and Co(II)TPP (pink traces) 
and the carbon paper cathode after full recharge in the electrolyte with BQ and Co(II)TPP 
(violet traces). (a) Mg 1s spectra. (b) O 1s spectra. (c) F 1s spectra. 
The last set of experiments we carried out for the present work was to study the 
recharge products. The two-chamber, glass-frit separated configuration was not ideal for 
the purpose of quantifying the gaseous products from the working electrode during 
recharge, which is commonly conducted in Li-O2 battery research. We therefore resorted 
to a single chamber design using a custom-designed Swagelok cell connected with a 
pressure gauge25. To minimize the influence of possible reactions between the Mg anode 
and the electrolyte, and to mitigate the influence due to the lack of stable solid electrolyte 
interphase (SEI) that protects Mg, we replaced the anode with Li. Commercially obtained 
MgO2xMgO mixture (Aldrich; MgO2 concentration: 24-28% by weight) was added to the 
test cell. As shown in Figure 3-13, the presence of Co(II)TPP reduced the potentials 
required to reach the same pressure increase (due to O2 evolution as a result of MgO (and 
MgO2) decomposition), supporting that Co(II)TPP indeed facilitates the decomposition of 
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Mg oxides. Important to the discussions here, no measureable pressure change was 
detected within the test potential windows when the MgO2xMgO mixture was absent, 
suggesting that the electrolyte and/or Co(II)TPP decomposition was not responsible for the 
pressure increase as measured in Figure 3-13. 
 
Figure 3-13. Pressure change during discharge and recharge. (a) Pressure change during 
discharge in the electrolytes with and without RMs. (b) Pressure change during recharge 
in the electrolytes with and without RMs. 
3.3 Conclusions 
In summary, we employed a dual RMs system for rechargeable non-aqueous Mg-O2 battery 
operations. Our strategy targeted at solving the problems of poor rechargeability and low 
discharge voltage. With a home-designed 3-electrode cell setup, we found BQ as the 
discharge RM increased the discharge voltage by ca. 300 mV while the Co(II)TPP as the 
recharge RM facilitated the charging performance. The effect of Co(II)TPP was 
particularly obvious after the first cycle. Product detections suggested the cells were 
operated under the proposed mechanisms. The proof-of-the-concept demonstration in this 
study will serve as an important first step toward actualizing the full potentials of Mg-O2 
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batteries, which are expected to offer higher volumetric capacities than Li-O2 batteries and 
better safety than Li-based batteries. 
Despite the successful proof-of-the-concept demonstration, the system shown here 
was, however, far less than ideal. As discussed above, the parasitic chemistry is a common 
issue in all metal-oxygen batteries. In the current platform, its possible origins include the 
impurities of the RMs, salt and solvent, the side reactions of the RMs during cycling, and 
the decomposition of the electrolyte by reduced oxygen species. Moreover, the glass frit 
used in the home-designed electrochemical cell cannot completely block the diffusion of 
the RMs, which decrease the Faradaic efficiency in each cycle. A solid-state Mg2+ 
conductive membrane is another important piece of puzzle to realize this promising Mg-
O2 technology. Most importantly, future directions should be focused on discovering a 
truly stable electrolyte that tolerates oxygen species, but also allows for desired catalyst 
operations. 
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Chapter 4 Stable Electrolyte for Li-O2 Batteries 
Like all other metal-oxygen batteries, the development of Li-O2 battery into a practical 
technology hinges on the availability of a stable electrolyte1. Due to the high reactivity of 
oxygen species in the system, no known organic electrolytes meet the stability 
requirements2-4. The search for a suitable electrolyte system remains an outstanding 
challenge in Li-O2 battery research. Careful examinations of the issues associated with the 
electrolyte stability reveal that at the heart of the problem lies the reactivity toward organic 
solvent molecules. These molecules were necessary because they provide the desired 
physical properties such as ionic mobility and O2 solubility to support Li-O2 battery 
operations. It is, therefore, conceivable to address the issue by replacing organic solvent 
molecules. The challenge would be how to maintain the high ionic mobility without the 
supporting organic solvent. 
Careful examinations of the issues associated with the electrolyte stability reveal that 
at the heart of the problem lies the reactivity toward organic solvent molecules5-8. These 
molecules were necessary because they provide the desired physical properties such as 
ionic mobility and O2 solubility to support Li-O2 battery operations. It is, therefore, 
conceivable to address the issue by replacing organic solvent molecules. The challenge 
would be how to maintain the high ionic mobility without the supporting organic solvent. 
This goal became possible recently with the report on a unique mixture of water and salt, 
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which has proven effective in improving the performance of Li-ion batteries9-11. The 
electrolyte has been referred to as water-in-salt (WiS)10,12-15. In essence, WiS takes 
advantage of the strong solvation effect of super-concentrated LiTFSI (lithium 
bis(trifluoromethanesulfonyl)imide). At high concentrations (21 mole/1 kg of H2O, or 21 
m), all H2O molecules in WiS are expected to strongly solvate the ions (Li+ and TFSI-), 
leaving few free H2O molecules to behave like bulk H2O. As such, the chemical reactivity 
characteristic of bulk H2O is greatly suppressed. Indeed, previous research has shown that 
the operation potential window of WiS can be significantly increased when compared to 
typical aqueous electrolytes (from 2.63-3.86 V in aqueous solution to 1.9-4.9 V in WiS; 
unless noted, all potentials reported in this chapter are relative to Li+/Li)10. More 
importantly, the limited protons in the WiS electrolyte have been shown to be strongly 
solvated and thus exhibit little reactivity toward nucleophiles such as polysulfide species, 
by which a high performance aqueous Li-ion/S battery has been demonstrated15. 
Inspired by these results, we explore in this work whether such an electrolyte system 
is suitable for Li-O2 battery operations. Our idea is to take advantage of the fact that there 
are no organic solvents in WiS electrolyte. We expect the known electrolyte decomposition 
pathways in typical Li-O2 batteries would be inaccessible (Figure 4-1)16. Consequently, 
by-product formation is expected to be greatly suppressed. Indeed, our results support that 
the WiS system is stable under Li-O2 battery operation conditions. Most importantly, we 
prove that the battery discharges and recharges through reversible conversion between O2 
and Li2O2, but not reactions with H2O. As a result, significantly longer cycle lifetime (over 
70 cycles) can be achieved using carbon cathode with WiS electrolyte compared with that 
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of organic electrolytes (i.e., 16 cycles in DME). When the carbon cathode is replaced by a 
stable non-carbon one, over 300 cycles of reversible Li-O2 battery operations are measured. 
 
Figure 4-1.  Using water-in-salt as a stable electrolyte for Li-O2 battery operations. 
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4.1 Methods 
4.1.1 Materials preparation 
LiTFSI (≥99.95% trace metals basis), LiClO4 (99.9% trace metal basis), 1,2-
dimethoxyethane (DME, anhydrous grade), N,N-dimethylacetamide (DMA, anhydrous 
grade), benzene (≥99.9%), hydrochloric acid (37%, ACS reagent), sodium thiosulfate 
solution (0.1 M), potassium iodide (≥99.5%), lithium ribbon (≥99.9% trace metals basis), 
Li2O2 (≥90%) and polytetrafluoroethylene (PTFE, 60% aqueous solution) were purchased 
from Sigma-Aldrich.  Starch (soluble, for iodometry) was purchased from Alfa Aesar. All 
organic solvents were further dried by 4Å molecular sieves prior to use. The electrolyte of 
1M LiPF6 in EC:DEC was purchased from BASF and used directly. Deionized water (DI, 
18.2 MΩcm) was produced from a Barnstead Nanopure Diamond system. H218O (≥97%), 
D2O (≥99.9%) and CDCl3 (≥99.8%) were purchased from Cambridge Isotope. The WiS 
electrolyte was prepared by dissolving 21 m (21 mole/1 kg) LiTFSI in DI H2O. The isotope 
labeled electrolyte was prepared by dissolving LiTFSI into the H218O (97%). The aprotic 
electrolytes were prepared as 0.1 M LiTFSI in DME and in DMA respectively based on 
the popularly tested Li+ concentration. No measurable difference was observed by 
switching LiTFSI to LiClO4 at the same concentration in DME or in DMA for the 
measurements in this study. The salt-in-water electrolyte (SiW) was prepared by dissolving 
1 m (1 mole/1 kg) LiTFSI in DI H2O. LiFePO4 (LFP, single side active material density: 
120 g/m2) was purchased from MTI Corporation. The LFP films were cut into square pieces 
with an area of ca. 1-1.5 cm2 for counter and pseudo reference electrode, and then 
dilithiated by charging against a Li counter electrode in 1M LiPF6 EC:DEC electrolyte of 
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25-50% capacity to reach a steady plateau potential. The resulting electrodes were 
thoroughly washed with DME for at least 5 times in an inert atmosphere and dried under 
vacuum before use. Carbon paper (Toray 120) gas diffusion layer was purchased from the 
Fuel Cell Store and cleaned by acetone, methanol and isopropanol sequentially, then dried 
under vacuum before being used as cathode substrate. Vulcan XC72 carbon black was 
purchased from Cabot Corporation. Vulcan carbon and PTFE binder were mixed in 
isopropyl alcohol (IPA) with a 95:5 mass ratio. The prepared solution was heavily diluted 
and then repeatedly drop-casted onto the gas diffusion layer with a weight loading of 1.0 ± 
0.1 mg. The size of cathode substrate was cut as 1 cm2, therefore yielding a loading density 
of ca. 1.0 mg/cm2. The complete and conformal loading was confirmed by SEM before use. 
The electrodes were further baked in a vacuum oven for 3 days at 120 ºC to remove residual 
solvents. The synthesis of Ru/TiSi2 carbon-free cathode was based on previously reported 
procedures using chemical vapor deposition (CVD) to prepare TiSi2, followed by atomic 
layer deposition (ALD) to deposit Ru catalyst. The mass ratio of TiSi2 and Ru catalyst are 
close to 1:1. The loading density of TiSi2 on Ti mesh is ca. 0.1 mg/cm2 and Ru loading 
density on each cathode is ca. 0.1 mg/cm2. The size of Ti mesh is 0.5-1 cm2. The lithium-
ion conducting glass-ceramics (LICGC™) was purchased from OHARA Inc. 
4.1.2 Materials characterization 
X-ray diffraction (XRD) measurements were conducted on a PANalytical X’Pert Pro 
diffractometer with Cu Kα radiation. X-ray photoelectron spectroscopy (XPS) was carried 
out on a K-Alpha+ XPS (Thermo Scientific) with an Al X-ray source (incident photon 
energy 1486.7 eV). The fitting of XPS data was performed by the XPS Peak 4.1 software. 
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Raman spectra were acquired using a micro-Raman system (XploRA, Horiba) with a 532 
nm laser excitation. Fourier transform infrared spectroscopy (FT-IR) was performed using 
a Bruker ALPHA FT-IR Spectrometer in N2-filled glovebox. Scanning electron 
microscopy (SEM) was conducted using a JEOL 6340F microscope operated at a 10 kV 
accelerating voltage. Electron energy loss spectroscopy (EELS) was used as a qualitative 
fingerprint to verify the presence of Li and the components in the toroid particles. The 
EELS spectrum was acquired on a Tecnai T20 G2 transmission electron microscope (FEI, 
200 kV) with a Gatan imaging filter. The energy resolution is ca. 2.1 eV as measured from 
the full width at half maximum of the zero loss peak. All EELS data were recorded with a 
dwell time of 0.1 s pixel, a dispersion of 0.05 eV/channel and a selected entrance aperture 
of 2 mm inserted. Vulcan carbon cathode samples were discharged and/or fully recharged 
to 500 mAh/gcarbon for XRD, XPS, Raman, FT-IR, SEM, TEM and pressure monitoring 
measurements. The deeply discharged samples (2,500 mAh/gcarbon) were also prepared for 
XRD and SEM. Ru/TiSi2 cathode samples were operated at 1,000 mAh/gRu or 500 
mAh/gRu+TiSi2 for XPS and Raman. The electrode samples were collected in an O2-tolerant 
Ar-filled glovebox (Mbraun, H2O <0.1 ppm), washed in DME for at least 5 times to remove 
residue salts, and then dried under vacuum at room temperature for 6 h prior to 
characterizations. For XPS measurements, an air-tight Ar bag was used to transfer samples. 
Samples were then mounted onto the stage with a short exposure to the ambient air 
(typically for ca. 5 mins). For XRD and Raman characterization, an air-tight sample holder 
was assembled in the O2-tolerant Ar-filled glovebox and transferred out for direct 
measurement through an observation window. FT-IR was conducted in a N2-filled 
glovebox (Mbraun, O2, H2O <0.1 ppm) and the samples were transferred with an airtight 
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Ar bag but with a short exposure to ambient air (typically for ca. 5 mins). The SEM samples 
were mounted onto a stage with a short exposure in the ambient air (typically for ca. 5 mins) 
prior to transferring to the high vacuum chamber. The TEM samples were prepared by first 
sonicating the discharged samples in DME for 2 mins with an air-tight vial, and then drop-
casting onto the TEM grid in a N2-filled glovebox. The samples were exposed in ambient 
air for ca. 10 mins. Gas chromatograph mass spectrometer (GC-MS) measurements were 
performed using a Shimadzu QP2010 Ultra, with a Carboxen 1010 PLOT column. The 
36O2 calibration curve was constructed by manually injecting known amounts of air into 
the injection port at 298 K. For in situ gas evolution detection, a Swagelok-type cell with 
a Vulcan carbon cathode, a LFP anode and the WiS electrolyte was connected to the GC-
MS sampling loop (500 µL in volume) with He as the carrier gas (ultrahigh purity, 10 sccm 
flow rate). The total discharge and recharge capacity was limited to 200 mAh/gcarbon for 
data acquisition. The current density was consistent with previous testing conditions. The 
cell was allowed to rest for 1 h so as to achieve a flat baseline before applying potentials. 
After the recharge process was completed, the gaseous products were further sampled for 
1 h to let the MS signals reach a stable baseline again. The MS signals during recharge 
processes were recorded for gas evolution and Faraday efficiency calculations. For the 
titration experiments, Swagelok-type cells were discharged to the cutoff voltage of 2.5 V 
vs Li+/Li and then dissembled in an O2-tolerated Ar-filled glove box (H2O level <0.1 ppm, 
MBraun) immediately. For each individual cell, the cathode with and without electrolyte 
were separately collected in glass vials for titration. 3.0 mL DI H2O and 1.0 mL HCl (1 M) 
was used to soak the samples for 15 mins. Prior to titration, 2 mL 2% KI solution and 50 
µL Mo catalyst solution were added in sequence and then kept in dark. The reaction 
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mixture was then titrated using a calibrated Na2S2O3 solution (4.3 mM). Each condition 
was repeated for at least 4 times. 1H NMR was performed on a 600 MHz spectrometer. The 
electrodes and all electrolytes from each cell were collected and soaked with same amount 
of D2O or CDCl3 to normalize the amount of by-products. For a more accurate 
normalization, trace amount of C6H6 (benzene) was added as the internal standard for the 
first discharge. All 1H NMR chemical shifts were reported in ppm relative to a residual 
HDO peak at 4.78 ppm (TSP at 0 ppm). The loading of Ru for the carbon-free cathode was 
quantified using inductively coupled plasma optical emission spectrometry (ICP-OES). 
The mass ratio of Ru and TiSi2 was found to be ca. 1:1, consistent with our previous results. 
Pressure monitoring test was carried out by connecting the Swagelok-type cell to an air-
tight pressure gauge with a sensitivity of 0.1 torr (MKS, 902B Piezo). The current density 
was set as 100 mA/gcarbon to maximize the signal/noise ratio. The pressure for the first ten 
cycles was monitored in situ. 
4.1.3 Electrochemical characterization 
All electrochemical tests were carried out using a VMP3 potentiostat (BioLogic) in either 
an electrochemical cell or a home-designed Swagelok-type cell. The electrochemical data 
were collected in an Ar-filled/O2-tolerant glovebox (Mbraun, H2O <0.1ppm) at room 
temperature. Cyclic voltammetry (CV) measurements were carried out in an 
electrochemical cell. WiS electrolyte was bubbled with either O2 or N2 to maintain a O2 or 
N2 saturated solution. It has been shown that the solubility of O2 decreased from salt-in-
water (1 mole/1 kg, 1 m) to water-in-salt (21 mole/1 kg, 21 m) conditions, but the decreased 
O2 solubility was not found to be a limiting factor for the measurements in this study. The 
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Pt wire and delithiated LFP film were immersed into the electrolyte as the counter and 
pseudo reference electrode, respectively. Glassy carbon (3 mm diameter) was applied as 
the working electrode. The CV measurements were performed at a scan rate of 25 mV/s. 
The home-designed Swagelok-type cell is equipped with three electrodes for galvanostatic 
measurements. Two delithiated LFP films were used as the pseudo anode (counter 
electrode, in excess) and the pseudo reference electrode. The total capacity of the 
delithiated LFP pseudo anode was applied to be at least 3 times higher than the tested 
capacities of the cathode for all measurements. The Li-O2 cells with protected Li anode 
was fabricated using a lithium-ion conducting glass-ceramics (LICGCTM, OHARA Inc.) as 
protection layer. Vulcan carbon or Ru/TiSi2 was used as the cathode. The current density 
and capacity were normalized to the weight of Vulcan carbon or Ru or Ru plus TiSi2. Two 
pieces of glass microfiber (GF/F, Whatman) were introduced to separate each electrode. In 
a typical experiment, 200 µL  electrolyte was used. After the cells were assembled, ultra-
high purity oxygen (Airgas) was purged through the head space of the Swagelok-type cell 
at 20 sccm for 1 minute. The cell was then isolated from the gas line after pressure 
equilibrated to 760 torr. The galvanostatic cycling tests for understanding the LFP counter 
and reference electrode behaviors were conducted at current density of either 20 μA/cm2 
or 50 μA/cm2. The capacity was set to 40 μAh/cm2 and 100 μAh/cm2, respectively 
(operating for 4 h/cycle). The cycling tests to compare WiS, DME and DMA electrolytes 
using Vulcan carbon cathode and LFP pseudo anode were conducted with current density 
of 50 mA/gcarbon at a cutoff capacity of 250 mAh/gcarbon (operating for 10 h/cycle). The 
galvanostatic cycling test with WiS as the electrolyte, carbon as the cathode and protected 
Li as the anode was conducted with current density of 50 mA/gcarbon at a cutoff capacity of 
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500 mAh/gcarbon (operating for 20 h/cycle). Ru/TiSi2 cathode was tested in the WiS 
electrolyte with Swagelok-type cell using both LFP pseudo anode and protected Li anode 
for the cycling test at a cutoff capacity of 1,000 mAh/gRu or 500 mAh/gRu+TiSi2 (operating 
for 4 h/cycle). The samples for spectroscopic and microscopic characterization with Vulcan 
carbon were operated at 50 mA/gcarbon to reach 500 mAh/gcarbon or 2,500 mAh/gcarbon. The 
samples for spectroscopic and microscopic characterization with Ru/TiSi2 cathode were 
operated at 1,000 mAh/gRu. To simultaneously monitor the anode and cathode potentials 
against the reference electrode, the Swagelok-type cells were studied using the GCPL2 
program (part of the Biologic software suite) to ensure voltage reliability. The equilibrium 
potential of the LFP electrode in DMA and DME electrolytes was measured against Li+/Li 
electrode to be 3.46 ± 0.01 V. In WiS, the LFP electrode potential was calibrated against a 
standard AgCl/Ag reference electrode (calibrated to be ca. 0.197 V vs NHE) and converted 
to be 3.46 ± 0.02 V vs Li+/Li. 
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4.2 Results and discussions 
4.2.1 Comparing WiS with conventional organic electrolytes using carbon 
cathode 
 
Figure 4-2. Schematic illustrations of the key advantages offered by the WiS system and 
its electrochemical behaviors. (a) All known organic electrolytes exhibit a certain degree 
of reactivity toward the various oxygen species in a Li-O2 battery system, resulting in the 
formation of by-products (represented as brown blocks and bubbles) other than Li2O2 
(represented as light blue toroids) and O2 (represented as light blue bubbles). The parasitic 
chemical reactions are an important reason for the poor cyclability of Li-O2 batteries 
reported to date. (b) WiS solves the problem by replacing organic solvents altogether. The 
desired functionality of high ionic concentration and conductivity is achieved by mixing 
super-concentrated LiTFSI (21 m) with H2O. Only Li2O2 is formed during discharge. High 
efficiency is observed during recharge as well. Stable Li-O2 battery operation is realized. 
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(c) Cyclic voltagrams measured on a glassy carbon working electrode in WiS with O2 (solid 
line) and N2 (broken line). Inset: CVs measured in DMA (top) and DME (bottom), 
respectively, with O2. (d) The voltage profiles of the Vulcan carbon electrode during 
cycling under constant current (50 mA/gcarbon) with a cutoff capacity of 250 mAh/gcarbon in 
WiS, DME and DMA. LFP was used as a pseudo anode. The test cells were cycled 8 times, 
16 times, and 70 cycles in DMA, DME and WiS, respectively, before failing. 
The first and most important concern we addressed was whether H2O in the WiS electrolyte 
dominated the electrochemical behaviors. That is, it is of critical importance to understand 
whether the WiS electrolyte enables reversible aprotic conversion between O2 and Li2O2. 
For this purpose, we carried out electrochemical experiments in the WiS electrolyte and 
compared the cyclic voltagrams (CV) with those obtained in two organic electrolytes 
(Figure 4-2c). Specifically, we chose to compare the WiS electrolyte with 0.1 M LiTFSI 
in N,N-dimethylacetamide (DMA), which was predicted to be stable against nucleophilic 
attack by superoxide, and 0.1 M LiTFSI in 1,2-dimethoxyethane (DME), which exhibits 
one of the best stabilities and therefore has been the most popularly used electrolyte for Li-
O2 research17-20. As shown in Figure 4-2c, the reduction wave is turned on at ca. 2.7 V, 
corresponding to O2  Li2O2. On the reverse scan, the oxidation wave is turned on at ca. 
3.0 V, corresponding to Li2O2  O2. These redox features closely resemble those in DME 
and DMA (Figure 4-2c, inset), but are missing in the CV where O2 is absent. Moreover, 
these electrochemical features are distinctly different from those obtained in 1 m LiTFSI 
in H2O (1 mole/1 kg, denoted as salt-in-water, SiW)10, where the Li2O2 oxidation wave is 
missing (Figure 4-3). This is because the O2 reduction product in a normal aqueous 
electrolyte is expected to interact strongly with H2O (especially H+ in H2O) to undergo 
disproportionation. The results as shown in Figure 4-2c suggest that the electrochemical 
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processes in WiS within the measurement potential window are dominated by Li2O2  O2 
conversion but not the electrolyte decomposition (such as H2O splitting). 
 
Figure 4-3. Cyclic voltagrams in a common aqueous electrolyte with O2. The electrolyte 
is denoted as salt-in-water (SiW, 1 m LiTFSI in H2O). Distinct electrochemical feature was 
observed in SiW than in WiS electrolyte. 
Next, we performed galvanostatic characterization of the WiS electrolyte, and the 
purpose was to study whether the electrolyte supports repeated Li2O2  O2 conversion 
under pseudo-operation conditions. For these experiments, we used Vulcan carbon as the 
cathode. Li is not suitable as an anode for these tests as it would react with H2O in WiS 
(the stability window of WiS is 1.9-4.9 V vs. Li+/Li)10. To eliminate possible complications 
due to parasitic chemical reactions on the Li anode21, we employed LiFePO4 (LFP) as a 
pseudo anode for this portion of the study. LFP has been used as a pseudo anode material 
for Li-O2 battery operations and has proven reliable22-24; it has also been tested in WiS 
system previously12. It is, nonetheless, noted that this approach may not be suitable for 
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practical Li-O2 battery implementations as the utilization of LFP as the anode would not 
only decrease the overall cell voltage but also undermine the gravimetric energy density. 
The true value of doing so lies in the knowledge generated by presenting a study 
platform21,25, where confounding factors such as parasitic chemical reactions at the Li 
anode are eliminated16,21. In addition to serving as the pseudo anode, a second piece of 
delithiated LFP was used as a reference electrode (Figure 4-4)12. All potentials have been 
converted to be relative to Li+/Li (Figure 4-5). Important to our purposes, no measurable 
parasitic chemical reactions or catalytic effects were observed in this body of study when 
the LFP pseudo anode and reference electrode were used. 
 
Figure 4-4. Voltage profile during the preparation of LFP reference electrode.  The 
charging process was conducted in EC:DEC electrolyte. For ten LFP samples, the 
potentials of LFP were measured to be 0.45 ± 0.02 V vs AgCl/Ag in WiS. 
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Figure 4-5. The scheme of relative redox potentials in WiS electrolytes. Due to the 
increased concentration and different activity of the Li+ in WiS (21 m), the redox couples 
containing Li+ (delithiated/lithiated LFP, Li+/Li and O2/Li2O2) all share same positive 
potential shift by ca. 0.23 V (from left to right). As a result, the differences between the 
redox potentials of O2/Li2O2 and Li+/Li (2.96 V), as well as between the redox potentials 
of LFP reference electrode and O2/Li2O2 (0.50 V) remain the same in WiS with those in 
DME and DMA. The potential difference of 3.46 V (2.96 V ± 0.50 V) between LFP 
reference electrode and Li+/Li was then used to convert the measured potentials in this 
study to become relative to Li+/Li. 
As shown in Figure 4-2d, significantly longer cycling numbers were achieved in WiS 
(70 cycles) than in DME (16 cycles) before the discharge potential reached the 2.3 V cutoff. 
DMA (8 cycles) exhibited slightly worse performance than DME. In all three electrolyte 
systems, an obvious decrease in the discharge potentials was observed toward the end of 
the cycling experiments. The phenomenon has been previously ascribed to the degrading 
catalytic activities of the carbon cathode as a result of parasitic chemical reactions on the 
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surface16,17,26. The relatively stable recharge potential of the WiS system toward the end of 
the cycling test, however, is distinct from that in DME or DMA, where a rapid increase of 
the recharge potential was also observed (Figure 4-2d). Previously, such an increase has 
been ascribed to the presence of byproducts (e.g., organic carbonates due to electrolyte 
decomposition or carbon cathode decomposition or both) 16,17,26,27. That we do not observe 
this increase in WiS suggests the decomposition of the WiS electrolyte is minimum. Lastly, 
we note that high capacity was also measured in the WiS electrolyte, with the discharge 
capacity ranging from ca. 3,500 mAh/gcarbon to 1,500 mAh/gcarbon for current densities of 
50 mA/gcarbon to 400 mA/gcarbon, respectively (Figure 4-6). The values are comparable to 
those reported in the literature under similar test conditions28,29. 
 
Figure 4-6. Rate performance of the carbon cathodes. The measured capacities in WiS are 
higher than those measured in organic electrolytes at comparable discharge rate. 
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4.2.2 Qualitative product analyses 
 
Figure 4-7. Qualitative product analysis. (a) XRD pattern of deeply discharged cathode 
(2,500 mAh/gcarbon). The standard diffraction patterns of various possible products are 
shown below the experimental pattern. The peaks (labelled by ✶) can be unambiguously 
assigned to Li2O2. (b) XRD patterns of pristine, discharged and recharged carbon cathodes 
at pseudo-operation conditions (500 mAh/gcarbon). (c) Raman spectra of pristine, discharged 
and recharged carbon cathodes. The two distinguishing peaks (labelled by ✶) are from 
Li2O2. (d) XPS spectra of pristine, discharged and recharged carbon cathodes showing the 
binding energies of Li 1s electrons. The component in the deconvoluted data assigned to 
Li2CO3 is likely due to the brief sample exposure to ambient air during sample transfer. (e) 
SEM image of discharged cathode. Scale bar: 2 μm. (f) TEM image of a typical Li2O2 
toroid. Scale bar: 500 nm. 
We then used X-ray diffraction (XRD) to examine the discharge products. Upon deep 
discharge (with the capacity reaching 2,500 mAh/gcarbon), the most prominent diffraction 
peaks at 2=32.8◦, 34.9◦, and 40.6◦ were unambiguously assigned to Li2O2 (Figure 4-7a)30. 
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The low-intensity peaks at 2=31.7◦ and 37.1◦ are close to the standard peaks of Li2CO3, 
whose presence is commonly observed due to the reactivity of the carbon cathode under 
deep discharge conditions24. As will be seen below, Li2CO3 is unlikely a result of the 
electrolyte decomposition. The morphology of the deep discharge products was studied by 
scanning electron microscopy (SEM; Figure 4-7e) and transmission electron microscopy 
(TEM; Figure 4-7f). A representative toroidal structure was observed, consistent with 
literature reports where fast kinetics favors toroid formation (e.g., when H2O impurities 
were present in the organic electrolytes)29. TEM micrograph and electron energy loss 
spectroscopy (EELS) spectrum (Figure 4-8) prove that the toroid is indeed Li2O2, 
consistent with previous studies31. The test cell was next characterized ex-situ under 
pseudo-operation conditions (cycled at 500 mAh/gcarbon) to study the reversibility of the 
product formation and decomposition. XRD patterns as shown in Figure 4-7b are 
consistent with those of the deep discharge, albeit at lower intensities. No other major 
diffraction peaks were observed. 
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Figure 4-8. EELS spectrum of a typical Li2O2 toroid particle under TEM. The peak 
centered around 61 eV can be ascribed to the Li2O2 component. The broadened peak was 
most likely resulted from the strong beam irradiation, which is also in good agreement with 
previous observations. 
Raman spectra as shown in Figure 4-7c provide additional support that Li2O2 is the 
product of discharge32, which can be reversibly decomposed upon recharge. Similar to the 
XRD studies, the Raman spectra were collected without exposing the samples to ambient 
air. X-ray photoelectron spectroscopy (XPS) was used to study the Li 1s electron binding 
energies, and the spectra were plotted in Figure 4-7d. Note that for the XPS experiment, 
the samples were briefly exposed to ambient air during sample transfer due to 
instrumentation limitations. That is why we see contributions from Li2CO3 in the 
deconvoluted peak compositions. Nevertheless, consistent with other literature reports19, 
the main composition of the discharge product was indeed Li2O2. Importantly, we see no 
measurable Li2CO3 contribution in the recharged sample (Figure 4-7d), further supporting 
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the observed Li2CO3 by XPS in the discharged state is due to exposure to ambient air but 
not inherent to the discharge process. This behavior (Figure 4-7d) needs to be 
distinguished from that of deep discharge (Figure 4-7a), where carbon cathode degradation 
may become measurable due to the high capacities and the low cutoff potentials16,33,34. 
Fourier transform infrared spectroscopy (FT-IR) was applied to confirm Li2O2 is the 
discharge product and can be fully decomposed (Figure 4-9)18. Importantly, no LiOH was 
detected by FT-IR. 
 
Figure 4-9. FT-IR spectra of the pristine, discharged and recharged carbon cathodes. The 
increased signal from 400 cm-1 to 700 cm-1 upon discharge can be indexed to Li2O2, while 
the evolved peaks at ca. 850 cm-1 and the broad peak between 1,400 cm-1 and 1,600 cm-1 
can be attributed to Li2CO3 due to a brief exposure to ambient air (absent in the recharged 
sample). No hydroxyl groups can be found in the discharged sample, indicating the absence 
of LiOH as a potential byproduct during cell operation. 
In addition, SEM micrographs also revealed that Li2O2 formed upon discharge can be 
completely removed after recharge (Figure 4-10). The toroidal morphology of Li2O2 was 
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consistently observed for discharge rate ≤200 mA/gcarbon, above which less regularly 
shaped products started to appear (Figure 4-11). It is worth noting that no LiOH was 
observed in this portion of qualitative product analysis. The result provides strong support 
that the WiS electrolyte enables aprotic O2  Li2O2 conversion but not O2  LiOH, which 
would be expected from the common aqueous Li-O2 systems and is undesired for the 
present study35,36. The selectivity is likely due to limited H2O reactivity and mobility 
toward nucleophiles such as Li2O2. Similarly low reactivity toward polysulfides in the WiS 
electrolyte has been reported by both experimental and theoretical studies15. 
 
Figure 4-10. SEM images of the carbon cathodes during cycling. (a) Pristine electrode. 
The carbon powders uniformly covered the gas diffusion layer (carbon paper), which 
eliminated the potential capacity contribution from the carbonaceous scaffold. (b) 
Discharged electrode. (c) Recharged electrode. (d) Magnified view of Li2O2. 
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Figure 4-11. SEM images of the cathodes with different discharge rates (scale bar: 2 μm). 
(a) 50 mA/gcarbon. (b) 100 mA/gcarbon. (c) 200 mA/gcarbon. (d) 400 mA/gcarbon. The formation 
of toroidal Li2O2 particles can be observed at a current density below 200 mA/gcarbon. The 
size and morphology of the Li2O2 toroid among the samples at discharge rates below 200 
mA/gcarbon were similar. In contrast, the morphology of discharge product became irregular 
at high rates such as 400 mA/gcarbon. 
 105 
4.2.3 Quantitative product analyses 
 
Figure 4-12. Quantitative product analysis. (a) The yield of Li2O2 as measured by 
iodometric titration in different electrolytes. The yield is presented as the percentage of the 
expected theoretical amount based on the charges passed. Data are represented as mean 
and standard deviation. (b) Comparison of Li2O2 measured with the WiS electrolyte (same 
as in a) and without the WiS electrolyte, proving that no significant contribution to the 
capacity comes from soluble by-products such as H2O2. Data are represented as mean and 
standard deviation. (c) Detection of isotope labeled 36O2 evolution by GC-MS with H218O 
in the WiS electrolyte (right axis). The electro-oxidation of the electrolyte was only 
observed at high potentials (ca. 4.6 V vs Li+/Li). No measurable CO2 evolution was 
detected. The voltage profile (left axis) is plotted together for easy viewing. (d) Normalized 
1H NMR spectra of cycled WiS, DME and DMA electrolytes. The peak centered at 4.78 
ppm is from HDO. The characteristic by-product of LiCO2H (at 8.46 ppm) could be 
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observed in the magnified view shown on the right. Trace amount of LiCO2H observed in 
the WiS is likely a result of the decomposition of the carbon cathode. 
Quantitative analysis of the product was next conducted, and the purpose was to establish 
the measured charges in electrochemical characterization indeed corresponded to Li2O2 
formation and decomposition. In other words, our goal was to prove the Faradaic efficiency 
was high. We first explored the iodometric titration technique developed by McCloskey 
and co-workers34. For the WiS electrolyte, we obtained a yield of 85.0%. The yield for 
DME was 79.4%, and that for DMA was 79.1% (Figure 4-12a). As has been discussed by 
McCloskey et al., the titration yield is sensitive to several factors such as the type of 
cathode materials used, the loading amount, and the discharge capacity, as well as the 
extent to which impurities are removed34. The yields we obtained are in line with literature 
reports, although slightly lower than the best reported values37. That we measured the 
highest yields in WiS strongly supports the least amount of by-products was formed in WiS 
as compared to in DME or DMA. The unaccounted products by the titration method (ca. 
15%) could be made of dissolved species (e.g., H2O2 and LiOH) and non-Li2O2 solid 
species (e.g., carbonates), as well as the system errors inherent to the titration method. To 
study whether any products could be dissolved in the electrolyte due to strong solvation 
effect or parasitic reactions38,39, we compared the titration results with and without the 
electrolytes in Figure 4-12b and observed no significant differences. The result suggests 
no measurable contribution of the measured capacity comes from H2O2 as possible by-
products, further supporting the suitability of WiS as a stable electrolyte system for Li-O2 
battery operations. For the characterization of the recharge products, we isotopically 
labelled H218O in the WiS electrolyte. Only at high recharge potentials (over ca. 4.6 V vs. 
Li+/Li) did we observe detectable 36O2 (ca. 4%) as an indication of electrolyte oxidation 
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(Figure 4-12c). Importantly, no measurable CO2 evolution was detected throughout the 
recharge process, in stark contrast to when organic electrolytes were used30,37,40. The gas 
evolution result lends strong support that WiS electrolyte is more stable against 
decomposition during recharge. To further prove that the electrolyte was stable upon 
cycling, we examined the electrolytes after 5 cycles of repeated discharge/recharge (in the 
discharged state) using nuclear magnetic resonance (NMR) spectroscopy. The spectra 
(Figure 4-12d) clearly show that small amount of LiCO2H as by-product was observed in 
DME and DMA electrolytes, but was by and large absent in the WiS electrolyte. 
 
Figure 4-13. Pressure monitoring during cell operation for the first 10 cycles. The pressure 
change was monitored in situ. The total pressure change upon each discharge and recharge 
step was close to the theoretical pressure change (ca. 17 torr per each step). 
Lastly, we also monitored the pressure during the first 10 cycles of the test cell 
featuring the WiS electrolyte41. The calculated pressure recovery efficiency (-
ΔPdischarge/ΔPrecharge) was ca. 100% throughout the process (Figure 4-13). Taken as a whole, 
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the quantitative analysis presented in this section strongly support that the WiS electrolyte 
enables reversible Li2O2  O2 conversion with minimum decomposition reactions 
commonly observed in other organic electrolyte systems. 
4.2.4 Realizing the full potential of WiS using non-carbon stable cathode 
 
Figure 4-14. XPS spectrum of the cycled carbon cathode in WiS electrolyte. Li 1s 
spectrum of the cycled (10th recharged) carbon cathode was collected to detect the residue 
product. Li2CO3 signature can be observed. 
It has been reported that the parasitic chemical reactions within the electrolyte and on the 
carbon cathode exhibit synergistic effect16. For instance, the susceptibility of carbon to 
reactive oxygen species leads to the formation of carbonates on the carbon cathode surfaces, 
which increases the need for applied potentials, especially during recharge. The high 
applied potentials are an important reason for electrolyte decomposition, which in turn 
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increases carbonate deposition on the carbon support, exacerbating the situation16,27. As 
such, the utilization of carbon as a cathode makes it difficult to fully actualize the promises 
enabled by the WiS electrolyte. Indeed, we attributed the loss of yield for WiS electrolyte 
as shown in Figure 4-12a to possible parasitic chemical reactions with carbon cathode, 
which was supported by spectroscopic characterizations on the cycled carbon electrodes 
(Figure 4-14 and Figure 4-15). 
 
Figure 4-15. Additional XPS spectra of the cycled carbon cathode in WiS electrolyte.  C 
1s and N 1s signals were all collected from the cycled (10th recharged) carbon cathode.  a, 
C 1s signal.  More severe carbon corrosion can be observed compared with the 1st 
recharged cathode.  b, N 1s signal.  The absence of the N 1s signal supports that the above 
observation was not due to the residue or decomposition of LiTFSI salt in WiS electrolyte. 
To better take advantage of the stability offered by WiS electrolyte, we next exploited 
a carbon-free cathode material developed by us previously, the TiSi2 nanonets decorated 
with Ru nanoparticles19. The idea was to understand the true potentials enabled by WiS 
without confounding factors connected to either the Li metal anode (by replacing it with 
LFP) or the carbon cathode (by replacing it with Ru/TiSi2). Indeed, remarkable 
performance in terms of cyclability was obtained. At a discharge depth of 1,000 mAh/gRu 
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(or 500 mAh/g(Ru+TiSi2)), over 300 cycles of repeated discharge/recharge was measured 
(Figure 4-16). An average round-trip energy efficiency (based on the measured voltage of 
the cathode) of ca. 62% was achieved (Figure 4-16b) 17,19. The obtained cyclability is 
among the highest in the literature at the reported capacity42,43. The product was further 
characterized by XPS, Raman and SEM to be only Li2O2 (Figure 4-17, Figure 4-18 and 
Figure 4-19)41,44, and the results are consistent with those as shown in Figure 4-7 (obtained 
on the carbon cathode). 
 
Figure 4-16. Cycling performance of a stable Li-O2 battery, with WiS as the electrolyte, 
LFP as the pseudo anode, and a non-carbon material (Ru/TiSi2) as the cathode. (a) The 
voltage profiles of selected cycles. (b) Average voltage and round-trip energy efficiencies 
(based on the measured voltage of the cathode) as a function of cycling numbers. For clarity, 
only data for every 20 cycles are shown. 
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Figure 4-17. XPS spectra of the Ru/TiSi2 cathode. XPS measurements of the pristine, 
discharged and cycled Ru/TiSi2 cathodes were conducted for product detection, showing 
that Li2O2 was the discharge product by both Li 1s and O 1s signals (consistent with the 
main text). (a) Li 1s signals in pristine, discharged and cycled Ru/TiSi2 cathodes. (b) O 1s 
signal in the discharged cathode. 
 
Figure 4-18. Raman spectrum of the discharged Ru/TiSi2 cathode. The laser beam was 
focused onto over 10 spots through random selection under the microscope. Consistent 
Raman features were observed for all the spectra. The spectra show well-defined C49 TiSi2 
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signals at ca. 290 cm-1, as well as distinct Li2O2 vibrations at ca. 250 cm-1 and ca. 780 cm-
1, indicating that Li2O2 was the discharge product on the cathode. 
 
Figure 4-19. SEM images of the Ru/TiSi2 cathodes during cycling. (a) Pristine electrode. 
Pristine Ru/TiSi2 exhibits a nanonet/nanowire-like morphology from the TiSi2 substrate, 
where Ru is not likely to be seen under SEM as the nanoparticles grown by ALD are very 
small. (b) Discharged electrode. Toroidal-like Li2O2 particles dispersed on the TiSi2 
substrate can be clearly observed. (c) Recharged electrode. The Li2O2 particles were found 
to be completely removed at a meaningful magnification scale. 
We note that the Ru/TiSi2 cathode is not yet optimized. For instance, the catalytic 
activity of Ru in WiS for oxygen evolution reactions (OER) may be different from that in 
organic electrolyte systems, although the discharge/recharge characteristics of Ru/TiSi2 in 
WiS (Figure 4-16a) is similar to that of Ru/TiS2 in DME from our previous results44. Such 
different catalytic activity is likely due to different solvation effect between H2O and DME. 
Moreover, the activities of Ru/TiSi2 in catalyzing O2 reduction and evolution reactions in 
WiS are expected to be different from that of carbon, which helps explain the slightly 
different discharge/recharge characteristics44. Our goal of introducing Ru was mainly to 
compensate the ORR activity when replacing the unstable carbon with stable carbon-free 
TiSi2 cathode (Figure 4-20). The targeted ORR catalytic effect in WiS was indeed 
prominent, although the OER catalytic effect was inferior to that in DME. For future 
optimizations, we envision that replacing Ru with a more effective OER catalyst could 
readily improve the recharge characteristics45. While additional research would be needed 
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to fully understand the behaviors of Ru/TiSi2 as a cathode for Li-O2 battery operations, our 
previous research has already established that it functions as expected in catalyzing O2 
reduction and evolution reactions without exhibiting the parasitic chemical reactions that 
undermine carbon-based cathode materials19. The results reported here thus prove that 
when an electrolyte and a cathode both with minimum parasitic decomposition reactions 
are used for Li-O2 battery operations, long cycle lifetimes become attainable. 
 
Figure 4-20. Effect of Ru catalyst for the TiSi2 cathode. (a) Discharge and recharge 
performances at cutoff capacity of 1,000 mAh/gTiSi2. The pristine TiSi2 substrate has 
limited ORR and OER activity as well as low capacity. The role of TiSi2 was mainly to 
serve as a high surface area, highly conductive and, most importantly, stable substrate that 
supports the cathode product. The incorporation of Ru catalyst can successfully 
compensate the ORR activity when removing unstable carbon from the cathode. OER 
activity was also improved. (b) Deep discharge performance with cutoff voltage of 1.5 V 
vs Li+/Li. High capacity can be achieved with the help of Ru catalyst. 
4.2.5 Li-O2 battery operations using WiS with Li anode 
The system studied here provides a platform for further optimizations to better take 
advantage of this promising electrolyte system for Li-O2 battery applications. For example, 
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we envision that the WiS electrolyte can be readily taken to construct practical devices 
using stable anode materials (such as protected Li). To further demonstrate the value 
offered by the WiS electrolyte, we have fabricated proof-of-the-concept Li-O2 batteries in 
which protected Li is used in conjunction with WiS. Both carbon cathode (Figure 4-21a) 
and Ru/TiSi2 cathode (Figure 4-21b) were tested. The results as shown in Figure 4-21 are 
encouraging. Nevertheless, the cyclability (10 cycles) remains relatively poor due to the 
imperfectness of the protected Li anode. More engineering optimization, especially on the 
protected Li anode side, is needed to take the full advantage of the WiS electrolyte system 
in the future. 
 
Figure 4-21. Cycling performance of Li-O2 batteries, with WiS as the electrolyte and 
protected Li as the anode. (a) Li-O2 battery cycling performance using carbon cathode. (b) 
Li-O2 battery cycling performance using Ru/TiSi2 cathode. 
4.2.6 Discussion on the role of H2O 
The reversible formation and decomposition of Li2O2 in WiS electrolyte as reported here 
is unique. While the formation of Li2O2 species in H2O has been previously reported using 
highly concentrated LiCl and LiOH mixture for aqueous Li-O2 battery applications, LiOH 
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was found to be used for part of the recharge process36. To the best of our knowledge, the 
operation of Li-O2 batteries in an aprotic mode in an aqueous electrolyte is new, where 
H2O plays important roles. Compared with other commonly used organic solvents, H2O 
features a high acceptor number (ca. 60)29. It is known to solvate intermediates of Li-O2 
discharge and recharge such as superoxide species. Its positive effects toward Li-O2 battery 
operations were not recognized until recently. For instance, McCloskey et al. found that 
H2O (up to 4,000 ppm) is key to the formation of the characteristic toroidal structures and 
contributes to the high discharge capacity29. Wang et al. reported that H2O in electrolyte 
helps reduce discharge overpotentials through a proton-mediated mechanism46. Zhou et al. 
reported similar reduction in the overpotentials during recharge by adding H2O39. Zhou et 
al. further suggested that the presence of H2O may improve the stability of organic 
electrolytes by interacting with the superoxide species39,47. On the other hand, excess 
amount of free H2O will induce the formation of LiOH which is suggested to be detrimental 
for the cell operations48,49. For the WiS electrolyte, H2O replaces the organic solvent 
molecules that were popularly used in previous Li-O2 research, and enables the required 
functionalities of an electrolyte with superior stability for Li-O2 battery operations. Notably, 
the characteristic toroidal structure of Li2O2 formed in WiS suggests that the solvation 
effect of H2O exists and mediates the discharge process towards higher capacities. The 
good rate performance also lends strong support for the solvation effect by H2O. The lack 
of LiOH in the product detections indicates that the proton in WiS exhibits little reactivity 
towards the electrochemically formed Li2O2 during discharge. 
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4.3 Conclusions 
In conclusion, we have shown that water-in-salt, as a new electrolyte system for Li-O2 
battery operations, is stable against parasitic chemical reactions with reactive oxygen 
species. It provides the necessary functionalities to support aprotic Li-O2 operations via 
reversible Li2O2 formation and decomposition. The lack of organic solvent molecules is a 
key advantage studied here. It eliminates the known reaction pathways that would lead to 
by-product formation from organic electrolyte systems. Both qualitative and quantitative 
product analysis support that no measureable by-products form in the WiS system. Using 
carbon cathode, greatly improved cyclability of over 70 cycles can be obtained with WiS 
electrolyte compared with organic ones. When the carbon cathode is replaced with a 
carbon-free material, up to 300 cycles of stable Li-O2 battery operations are obtained. The 
result sets a new benchmark in Li-O2 battery performance with quantitative product 
detection. It presents the stage for future optimizations to realize the full potentials held by 
Li-O2 battery as a stable, high-capacity electrochemical energy storage technology. More 
importantly, the development of WiS presents a general platform to explore fundamental 
understanding of metal-oxygen batteries where a stable electrolyte is finally available. 
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Chapter 5 Beyond O2 Chemistries: Reducing CO2 in Water-in-Salt Electrolyte 
Direct CO2 reduction by methods such as electrochemistry has attracted significant 
attention1,2. On the one hand, as a key culprit for the greenhouse effect, using CO2 for 
chemical synthesis holds promises for decreasing its concentration in atmosphere3. On the 
other hand, as the most stable carbon compound, CO2 reduction ensures severe 
thermodynamic and kinetic penalties, often leading to the production of a myriad of 
hydrocarbons and hydrogen4. How to steer the reaction toward desired products represents 
a fundamentally important challenge. The intense research has indeed greatly advanced our 
understanding on this reaction.  Just within the context of electrochemical reduction of CO2, 
for instance, we have learned that the product selectivity is highly sensitive to at least two 
parameters, the nature of the catalyst and the electrolyte2. The relative adsorption energy 
of the intermediates, most notably M-CO (where M represents a metal center), has been 
understood to dictate the subsequent chemical steps and, hence, the product selectivity5-7. 
Along this line, various metallic or compound catalysts have been studied, with the oxide-
derived metal (e.g., Au and Cu) being perhaps the most notable8,9. The role played by the 
electrolyte has been examined, as well. For example, the mass transport of protons was 
exploited by Sargent et al. to suppress hydrogen evolution reactions (HER) in highly 
concentrated alkaline solutions10,11. In parallel, the ionic effect was recognized to exert a 
profound influence on the product selectivity, which was attributed to how the ions impact 
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the interactions between H2O and the substrates (and/or the reaction intermediates)12-15. 
These progresses notwithstanding, much remain unknown about the detailed processes in 
a CO2 reduction reaction, especially at the molecular level. To illustrate this point, let us 
next consider the first steps of the initial electron and proton transfer in CO2 reduction as 
an example. While concerted proton electron transfer (CPET) has been often used as a 
basis for kinetic discussions,7,8,16-18 the details of this process were not studied until recently. 
Already, diverging views have been developed19-21. Using Au as a prototypical catalyst 
platform and by studying the kinetics relatively to PCO2 and [HCO3-], Surendranath et al. 
observed no apparent dependence of the reaction rate on [HCO3-]20,22, implying that 
electron transfer (ET) is the rate determining step (RDS, Figure 5-1) preceding proton 
transfer (PT). Similar experiments by Xu et al., however, reported apparent dependence of 
the reaction rate on [HCO3-], which the authors attributed to possible fast pre-equilibrium 
between CO2, H2O and HCO3-19,23. The latter results could be interpreted as evidence to 
support that CPET rather than ET is the RDS. Conflicting views like this highlight the need 
for additional research to elucidate the details of CO2 reduction. Examinations of the 
literature reveal that a key constituent of the reaction, H2O, has not been varied in previous 
studies. On the one hand, as an important proton donor, suppression of H2O concentration 
could greatly limit HER so as to promote carbonaceous product selectivity10. On the other 
hand, as a solvent, H2O participates in nearly every aspect of the reaction; studies on how 
the reaction kinetics changes as a function of H2O concentration, for example, will 
contribute to settling debates as mentioned above. We are, therefore, prompted to conduct 




Figure 5-1. Schematics illustrating possible reaction pathways of two different 
mechanisms during CO2 electrochemical reduction on Au catalyst. Top: electron transfer 
(ET) is RDS; bottom: concerted electron and proton transfer (CPET) is RDS. Examinations 
on how the reaction rate depends on H2O concentration could help discern which route is 
more likely. 
The key enabling factor of this work is the “water-in-salt” (WiS) electrolyte, in which 
ultra-high concentrations of salt (LiTFSI, where TFSI represents 
bis(trifluoromethane)sulfonimide) is mixed with H2O (up to 21 m, where m is molality, or 
mole of LiTFSI in 1 kg of H2O)24. Previous research by others and us has shown that such 
an electrolyte behaves differently from bulk H2O in that the H2O activity is significantly 
suppressed24,25. We are, therefore, offered an opportunity to perform electrochemical 
reactions such as CO2 reduction in an aqueous solution whose H2O concentration is no 
longer unity. Two immediate benefits would be expected from such a system. First, we 
would be able to significantly suppress HER due to the limited supplies of H2O, so as to 
promote selectivity toward carbonaceous products, similar to what has been achieved by 
Sargent et al.10, albeit in a milder, near neutral condition in our case. Second, we would be 
able to interrogate the kinetics of the system by varying the H2O concentration, a feature 
that has not been assessed by prior studies22. Thus, our results are expected to shed new 
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light onto the mechanistic details of the CO2 reduction processes. Indeed, selectivity toward 
CO up to 80% was measured in WiS on sputtered Au catalyst, comparable to the best 
reported values measured on carefully controlled Au such as oxide-derived or 
nanostructured Au catalysts8,16,18,26-28. Moreover, our kinetic analyses revealed that the 
reaction rate appeared independent on H2O concentration at low overpotentials, further 
supporting that ET is the RDS in the initial reduction of CO2. Importantly, as our approach 
exploits a new dimension of the reaction parameters, it offers a new route to highly 
selective CO2 reduction for practical applications. 
5.1 Methods 
5.1.1 Materials preparation 
Au foil (0.25 mm, 99.95%) was obtained from Alfa Aesar. LiTFSI was obtained from 
Sigma-Aldrich (≥ 99.95%, trace metals basis) and Solvay (≥ 99.9%, extra dry). NaHCO3 
was purchased from Sigma-Aldrich (≥ 99.7%). Deionized water (DI, 18.2 MΩcm) was 
obtained with a Barnstead Nanopure Diamond system. The water-in-salt electrolyte (WiS) 
was prepared by dissolving 21 m (21 mole/1 kg) LiTFSI into DI H2O. The NaHCO3 
electrolyte was prepared by dissolving 0.5 M NaHCO3 into DI H2O. The Au target was 
purchased from Kurt J. Lesker. The LFP (MTI Corp) films were cut into rectangular pieces 
with an area of ca. 0.5 cm2 as pseudo reference electrode to be used in WiS, as described 
in our previous study. CO2 (ultra-high purity), 5% H2 in N2 (ultra-high purity), 5% CO in 
Ar (ultra-high purity), and Ar (untra-high purity) gases were purchased from Airgas. Gas 
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diffusion layer (GDL, Freudenberg H14 and Freudenberg H24C5) was purchased from the 
FuelCellStore. The LFP (MTI Corp) films were cut into rectangular pieces with an area of 
ca. 0.5 cm2 as pseudo reference electrode to be used in WiS electrolytes. 
For the Au foil electrode, before electrochemical measurements, it was cleaned by 
soaking in aqua regia for 20 s, then thoroughly washed by DI water. The Au catalyst with 
morphology featuring conformal flat films were prepared by radio frequency magnetron 
sputtering technique using AJA system which is set up in a clean room. A Au target was 
used as the source to prepare Au catalyst coated electrodes. The target was placed in untra-
high vacuum chamber with 250 W argon plasma supported by direct current at 512 V and 
490 mA. The growth rate was calibrated to be ca. 0.6 nm/s. 200 nm Au films were prepared 
on either p(111) Si wafer, which were used in electrochemical cell and flow cell 
respectively. Before electrochemical measurements, all Au electrodes were washed with 
acetone, methanol and isopropanol consecutively, then dried at 60 ºC under vacuum. The 
substrates (Si wafer) of the Au catalyst were wrapped with sealing material and were 
separated from the electrolyte to avoid any contamination.  
5.1.2 Materials characterization 
X-ray photoelectron spectroscopy (XPS) was carried out on a K-Alpha+ XPS (Thermo 
Scientific) with an Al X-ray source (incident photon energy 1486.7 eV). The fitting of XPS 
data was performed by the XPS Peak 4.1 software. Scanning electron microscopy (SEM) 
was conducted using a JEOL 6340F microscope operated at a 10 kV accelerating voltage. 
1H NMR was performed on a 600 MHz spectrometer. The electrolytes upon electrolysis 
were collected in D2O or CDCl3 to detect liquid products and byproducts. All 1H NMR 
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chemical shifts were reported in ppm relative to a residual HDO peak at 4.78 ppm (TSP at 
0 ppm). The impurity peak shown in NMR spectra are likely from LiTFSI. Gas 
chromatograph mass spectrometer (GC-MS) analyses were performed using a Shimadzu 
QP2010 Ultra instrument, with a Carboxen 1010 PLOT column. The CO and H2 calibration 
curves were collected by manually injecting known amounts of standard gases through 
injection port. 
5.1.3 Electrochemical cell setup 
A home-designed two-chamber electrochemical cell was manufactured by Adams 
Chittenden, and employed for CV measurements as well as a portion of potentiostatic 
electrolysis. The volume of the cell and the size of head space were optimized to obtain 
desired accuracy for product detection. A proton exchange membrane (Nafion 211 or 
Nafion 117) was used to separate the two chambers. A Au working electrode (cathode) and 
a LFP reference electrode were place in the cathodic chamber while another Au counter 
electrode (anode) was used in the anodic chamber. The head space in the two chambers 
was filled with either Ar or CO2 atmosphere, then sealed by Teflon coated rubber septa and 
GL14 caps. 
5.1.4 Flow cell setup 
A commercially available flow cell was purchased from ElectroCell Inc., and was used for 
a portion of the potentiostatic electrolysis. The flow cell contains two chambers divided by 
flow frames and Viton rubber gaskets. A proton exchange membrane (Nafion 211 or 
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Nafion 117) was used to separate the electrolytes of two chambers. An Au coated working 
electrode (cathode) and a LFP reference electrode were place in the cathodic chamber while 
another Au coated counter electrode (anode) was used in the anodic chamber. The 
electrolyte in each chamber cycles through a reservoir with optimized electrolyte volume 
(ca. 8 mL) and size of head space (ca. 2 mL). The flow rate was controlled at ca. 15-20 
mL/min. In this region, no observable variation can be detected due to the fluctuation of 
the flow speed. 
5.1.5 Electrochemical characterization 
Before electrochemical measurements, either Ar or CO2 or an Ar/CO2 mixture controlled 
by MFCs was used to purge the head space (maintaining at 1 atm) and was bubbled through 
the electrolyte slowly to reach a saturated state. This procedure in WiS electrolyte needs to 
be carried out carefully with relatively low purging rate (<10 sccm), otherwise precipitation 
of the supporting salt or side reactions may occur. In this study, the electrochemical 
potential calibration to the reverse hydrogen electrode (RHE) scale was carried out using a 
double junction pH electrode (Thermo Scientific). Inaccurate pH measurements can be 
obtained by using a conventional single junction pH electrode due to the presence of highly 
concentrated Li salt. The high Li+ concentration was found to shift the reference electrode 
in the conventional pH meter. CV measurements were conducted using the home-designed 
two-chamber electrochemical H-cell. The scan rate was set as 25 mV/s starting from open 
circuit potential to more cathodic potentials, then scanned backwards. WiS electrolytes 
were purged with either Ar or CO2. Control experiments were carried out using 0.5 M 
NaHCO3 electrolyte saturated with CO2. No significantly different electrochemical 
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features can be observed using either Au foil or sputtered Au film electrodes under CV 
testing conditions, despite with slightly different current densities. Potentiostatic 
electrolysis experiments were conducted with both electrochemical H-cell and flow cell. 
Before each electrolysis, a CV scan was conducted to ensure the good quality of the Au 
electrode where consistent features should be observed. Cutoff capacities at 0.1 C and 10 
C were used for electrochemical cell and flow cell respectively to detect gaseous product. 
Larger applied capacities may lead to gradual loss of catalytic activity or the depletion of 
CO2. CO selectivity was calculated according to the following equation by assuming other 
products other than CO and H2 are negligible: NCO/(NCO+NH2). After completion to the 
cutoff capacity upon electrolysis, gaseous products were sampled from the head space and 
analyzed by GC-MS. At least two consecutive trials were taken within 0.5 h to the injection 
port to ensure reproducibility. Prolonged waiting time may result in gas leakage. The 
electrochemical H-cell was used for electrokinetic studies, where a smaller capacity cutoff 
may be applied so as to maintain the good quality of the Au foil or sputtered Au film, since 
the electrolysis is highly preferred to be conducted with comparable electrode condition to 
minimize sample variations. Control experiments on electrolysis were carried out using 0.5 
M NaHCO3 electrolyte saturated with CO2 in electrochemical H-cell. 
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5.2 Results and discussions 
5.2.1 Cyclic voltammetry on WiS of different concentrations 
 
Figure 5-2. Cyclic voltammograms of Au catalyst in WiS of different concentrations. 
We elected to use Au as a model catalyst for this study as it features high selectivity towards 
CO production as opposed to other carbonaceous products27. For instance, it has been 
reported that under common experimental conditions, the cathodic currents on Au 
electrode mainly constitute that of CO and H2 production27,29. As such, it is convenient to 
interpret the electrochemical data for kinetic analyses of the elemental steps during CO2 
reduction. Another reason we have chosen Au for this study is the broad knowledge on Au-
based CO2 reduction, which will allow for easy comparison of our results with the 
literature8,16,18-23,26,28. As shown in Figure 5-2, the most prominent feature of the cyclic 
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voltammogram (CV) in different electrolytes was the suppression of the cathodic currents 
with the gradual increase of salt concentration from 15 m to 21 m (the home-designed 
electrochemical cell is shown in Figure 5-3). We hypothesize that the suppression is due 
to limited hydrogen evolution as a result of decrease in H2O concentration24,25, more 
discussions of which will be presented in the next section. 
 
Figure 5-3. Schematic of the home-designed H-cell used in electrochemical measurements. 
Each cylindrical chamber maybe tilted during manufacturing to ensure clearance between 
flange and threads. 
Table 5-1. Potential conversion for WiS of different concentrations. 
LiTFSI conc. pH with sat. CO2 LFP vs Li+/Li LFP vs NHE RHE vs NHE 
21 5.74 3.68 0.64 -0.34 
18 5.49 3.66 0.62 -0.33 
15 5.47 3.64 0.6 -0.32 
 
Here, we wish to direct the readers’ attention to the reduction peaks as magnified in 
the inset of Figure 5-2 (the conversion of potentials using a calibrated pseudo reference 
electrode is listed in Table 5-1). These peaks remained at ca. -0.52 V (vs. reversible 
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hydrogen electrode, RHE; unless noted, all potentials henceforth in this chapter are relative 
to RHE) for different salt concentrations. The turn-on potential at which CO2 was reduced 
is consistent with literature reports on various Au catalysts20,27.20,27 It is also consistent with 
that measured in 0.5 M NaHCO3 electrolyte (Figure 5-4). Moreover, substitution of CO2 
with Ar eliminated these features, strongly supporting that these reduction peaks are indeed 
due to CO2 reduction. It is important to note that, other than at the highly negative potentials 
(e.g., <-1.0 V), the combined Faradaic efficiencies of CO and H2 were consistently >90%. 
Additional control experiments confirmed that the WiS electrolyte was not decomposed 
under our experimental conditions (vide infra). Taken as a whole, we have established that 
the WiS system is a reliable platform to characterize CO2 reduction on Au catalyst. 
 
Figure 5-4. Cyclic voltammogram of Au catalyst in CO2 saturated 0.5 M NaHCO3. 
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5.2.2 Selectivity measurements in WiS of different concentrations 
 
Figure 5-5. Selectivity of CO measured in different electrolytes. 
Next, we aimed to delineate the main contributions to the cathodic current by performing 
potentiostatic electrolysis and product analysis. The percentage of CO production relative 
to the overall yield (e.g., CO plus H2) was plotted against the potentials (Figure 5-5). No 
decomposition of electrode or electrolyte was observed upon electrolysis (Figure 5-6 and 
Figure 5-7). One sees from this set of data that the maximum selectivity toward CO on 
sputtered Au in CO2 saturated 0.5 M NaHCO3 electrolyte (pH=7.2) was relatively poor (< 
ca. 30%), which would serve as a basis for the following comparisons. Similarly low 
selectivity has been reported on Au without special treatments8,20,30. When WiS was used, 
however, the maximum selectivity was readily increased to up to ca. 72%. The 
performance is close to the best reported in the literature8,16,18,27,28. Most notably, the high 
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selectivity was achieved at near neutral pH of the electrolyte and on Au catalyst without 
special treatments10,11. 
 
Figure 5-6. Au 4f and F 1s XPS spectra of the Au catalyst before and after electrolysis. 
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Figure 5-7. 1H NMR spectra of the 21 m WiS electrolyte before and after electrolysis using 
Au catalyst in a H-cell. The peak around 2 ppm corresponds to impurities in the original 
salt. No liquid product was detected upon electrolysis. 
The second feature in Figure 5-5 worth highlighting concerns the potential at which 
the maximum selectivity was achieved. At high overpotentials (e.g., <-0.8 V), the reaction 
is believed to be mass-transport limited, where relatively low solubility of CO2 and its poor 
diffusivity greatly limit CO production in comparison to HER24,27; at low overpotentials 
(e.g., -0.5 to -0.3 V), the reaction is believed to be kinetically controlled, in which region 
HER is inherently favored over CO production5,7,8,29. In other words, the low selectivity of 
CO at high overpotentials is mainly due to the increase of HER, but not the decrease of CO 
production27. Here, let us focus on the data in Figure 5-5. It is observed that the maximum 
selectivity was achieved at similarly low overpotentials for WiS with different 
concentrations (ca. -0.52 V). Maximum CO selectivity at comparably low overpotentials 
has been reported in the literature, and the reasons have been mainly attributed to 
suppressed HER as a result of catalyst surface modifications8,16,28. Given that our Au 
electrodes for all experiments was unmodified and the same, whose inherent CO selectivity 
as tested in NaHCO3 is poor (<30%), we are inspired to understand the data as an indication 
that low H2O concentrations (e.g., 21 m) greatly suppress HER. The effect is most 
pronounced for the most concentrated solution and, hence, the lowest overpotential for 
peak selectivity. It is also found that at a fixed potential (e.g., -0.52 V), gradually diluting 
the 21 m WiS electrolyte using another highly solvating solvent (acetonitrile) to liberate 
H2O results in a decrease of CO selectivity (Figure 5-9)31, which further supports our 




Figure 5-8. CO selectivity measured at -0.52 V in WiS electrolyte diluted by acetonitrile. 
5.2.3 Electrokinetics analyses 
Table 5-2. Measuring [H2O] in WiS of different concentrations. 
molality of salt mass of H2O/g volume of WiS/mL [H2O]/M 
21 m 1.7008 ± 0.001 7.00  ± 0.01 13.49 
18 m 1.9842 ± 0.001 7.31  ± 0.01 15.07 
15 m 2.3808 ± 0.001 7.70  ± 0.01 17.16 
 
The realization that the H2O concentration may be modulated in WiS through altering the 
salt concentrations (Table 5-2) prompted us to next study the electrochemical kinetics of 
CO2 reduction. For this purpose, we extracted the partial currents due to CO production 
(Figure 5-9a). The partial current of CO is likely limited at high overpotentials due to mass 
transport limitations of CO227,30. Intriguingly, comparable current densities were measured 
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for different WiS electrolytes in the kinetically controlled region (>-0.52 V). The data 
imply that CO2 reduction kinetics is independent of H2O activity. To better understand the 
data, we plotted the partial current densities of CO at different potentials as a function of 
H2O concentrations in Figure 5-9b. As expected, a pseudo 0th order dependence was 
confirmed. 
 
Figure 5-9. Kinetic analysis on CO2 reduction to CO in WiS of different H2O 
concentrations. (a) Partial current densities due to CO production at different potentials.  
(b) Partial current densities at fixed potentials for different H2O concentrations. 
Inspired by efforts by Surrendranath et al.20,22, we examined the possible dependence 
of the reaction rates on [CO2] and [H2O] in 4 different scenarios and tabulated the results 
in Table 5-3. It can be seen that only under the circumstances where ET is the RDS can 
one expect a pseudo 0th order dependence of the reaction rate on [H2O]. In comparison, the 
reaction order of [H2O] for CPET processes as well as for HER is either equal to or higher 
than unity. The insight is consistent with Surrendranath et al.’s understanding. The authors 
studied the electrokinetics as a function of PCO2 and [HCO3-], where a pseudo 0th order 
dependence of the reaction rate on [HCO3-] was observed20,22. 
Table 5-3. Electrokinetics derivations based on mechanisms of CO2 reduction on Au. 
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rate limiting steps (RLS) reaction order CO2 
reaction 
order H2O rate law 
A1 θM+CO2(aq)+e-→θMCOO- 1 0 νCO=θM aCO2 exp(-βFE/RT) 









+H2O→θMCOOH+OH- 1 1 νCO=θM aCO2 aH2O exp(-βFE/RT) 
B2 θMCOOH+H2O+e
-
→CO+H2O+OH- 1 2 
νCO=KB1 θM aCO2 aH2O2 exp[-
(1+β)FE/RT]/aOH- 
C1 CO2(aq)+H2O+HCO3-→Int- 2 2 νCO=Kacid1 aCO22 aH2O2 aOH-/Kw 
C2 θM+Int
-+H2O+e-
→θMCOOH+H2O+OH-+HCO3- 2 3 




→CO+H2O+OH- 1 2 
νCO=KC1 KC2 θM aCO2 aH2O2 
exp[-(1+β)FE/RT]/aOH- 
D1 θM+CO2(aq)+e-→θMCOO- 1 0 νCO=θM aCO2 exp(-βFE/RT) 




1 3 νCO=KD1 KD2 θM
2 aCO2 aH2O3 
exp(-2FE/RT)/aOH- 
HER θM+H2O+e-→θMH+OH- 0 1 νH2=θM aH2O exp(-βFE/RT) 
HER1 2θMH→2θM+H2 0 2 νH2=KHER
2 θM2 aH2O3 exp(-
2FE/RT)/aOH-2 




Another key distinction between our approach presented here and those by 
Surrenadrath et al. and Xu et al.19,20,22,23, separately, is whether bicarbonate (HCO3-) is 
involved as a buffer. In the presence of a HCO3- buffer, the fast equilibrium between it and 
CO2 and H2O could make the interpretation of electrokinetic data as a function of PCO2 
challenging, as has been pointed by Xu et al22. Our results provide a new dimension for the 
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understanding on the electrokinetics of CO2 reduction. We envision, for instance, more 
results supporting our understanding may be drawn from future studies similar to those by 
Surrenadrath et al. and Xu et al. but without using HCO3- buffer. Nevertheless, we note a 
potential caveat of our data interpretation.  In deriving the rate law expressions (Table 5-
3) and analyzing the data as shown in Figure 5-9, we assumed a constant [CO2]. At the 
present stage, we cannot rule out the possibility that the solubility of CO2 could be different 
for WiS of different H2O concentrations, despite our efforts of using a constant PCO2 (1 
atm). However, this concern is partially addressed by the relatively consistent pH of the 
WiS electrolytes of different concentrations, 5.7 for 21 m, 5.5 for 18 m, and 5.5 for 15 m 
WiS. To understand whether changing [CO2] in WiS of different concentrations may be a 
complicating factor in our studies, we measured the partial current densities of CO (jCO) as 
a function of CO2 partial pressure (PCO2). We observed that there is a clear 1st order 
dependence of jCO on PCO2. This result indicates that measurable changes in [CO2] would 
be reflected in jCO. That jCO is independent on [H2O] in our experiments strongly suggests 
the variation of [CO2] in different WiS electrolytes is insignificant. Notwithstanding, 
additional research would be needed to fully address this concern. 
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5.2.4 Flow cell measurements in WiS 
 
Figure 5-10. Schematic of the commercial flow cell used in electrochemical measurements. 
As a proof-of-concept to demonstrate the potential utility of the WiS in a practical system, 
we next employed a flow cell design (Figure 5-10), and our goal was to study whether the 
partial current density due to CO production could be improved30,32. In this set of 
experiment, we employed the sputtered Au electrode as it can be tested in H-cell and flow 
cell. We see from Figure 5-11 that in 21 m WiS, a trend of CO selectivity as a function of 
applied potential similar to that in a H-cell was obtained, with a higher maximum 
selectivity (ca. 80%). Importantly, however, a significantly higher CO partial current 
density (up to ca. 1.3 mA/cm2 at -0.82 V in a flow cell using gas diffusion electrode as 
compared to ca. 0.1 mA/cm2 at the same applied potential in a H-cell using sputtered planar 
electrode, Figure 5-12) was measured. This result further supports that the decrease of CO 
selectivities in the high overpotential region were indeed due to CO2 mass transport 
limitation30,32. While the flow cell approach appeared to help address this issue, we are 
mindful that significant research is needed to bring the current density to a level that is of 
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practical value. Further engineering optimization on the cell design and electrode 
modification is likely to contribute to this matter33,34. Another important issue to address 
before WiS can be used for practical CO2 reduction is the high cost of LiTFSI25. 
Nevertheless, the most important value generated by this body of research is the 
advancement of our understanding on the CO2 reduction mechanisms. Although the present 
study focused on CO2 reduction at near neutral pH, we envision it is readily applicable to 
other pH’s, as well, for mechanistic studies by other systems. 
 
Figure 5-11. CO selectivity measured in 21 m WiS electrolyte in a flow cell, shown as 
hollow circles in red. For comparison, the selectivity as measured in an H-cell in 21 m WiS 
electrolyte is replotted as solid circles in red. 
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Figure 5-12. Partial current density of CO measured in 21 m WiS in a flow cell in 
comparison with that measured in a H-cell. 
The electrochemical properties of WiS electrolyte and Au catalyst measured in the 
flow cell can be potentially improved toward practical performance matrix. Careful post-
examinations on the tested gas diffusion electrode revealed that the decay of current density 
and the decrease of CO selectivity at high overpotentials were due to the morphological 
instability of the Au catalyst (Figure 5-13, Figure 5-14 and Figure 5-15). Such a problem 
can potentially be resolved by alternative preparation methods in future optimizations, such 
as the aforementioned CTS approach. 
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Figure 5-13. Au catalyst coated gas diffusion electrode before and after electrolysis in 21 
m WiS. (a) Overview of the electrode before electrolysis. (b) Enlarged view of the electrode 
before electrolysis. (c) Overview of the electrode after electrolysis. (d) Enlarged view of 
the electrode after electrolysis. 
 
 




Figure 5-15. EDAX test on the area coated with Au catalyst shown in Figure 5-13. 
5.3 Conclusions 
We have carried out a mechanistic study of CO2 electrochemical reduction in the unique 
water-in-salt electrolyte using untreated Au prototypical catalyst. The strong solvation 
effect to the high-concentration of the salt locks down the H2O molecules to change their 
behaviors drastically different from bulk H2O. As a result, the reduction activity is greatly 
reduced, increasing the selectivity toward CO production. Up to 80% selectivity was 
measured, which is to be compared with <30% in conventional electrolyte at near neutral 
pH. More importantly, electrokinetic studies in the kinetically controlled potential region 
revealed that the reaction rate exhibits a pseudo 0th order dependence on [H2O]. The results 
imply that an electron transfer process is rate determining. The information helps resolve 
diverging views on the initial steps of CO2 electrochemical reduction on Au catalyst and 
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